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Recreational fisheries are complex social-ecological systems, and managers often need to 
balance the interests of the anglers utilizing the fishery – the social sustainability – and the 
biological sustainability of the fish population. However, a poor understanding of the 
interactions among the main components of a fishery – the biological, social, and 
management components – has limited our ability to manage recreational fisheries 
sustainably. Fish life-history type (LHT), the dynamics and diversity of the angler population, 
angling regulations and management objectives all influence management outcomes. Using 
both empirical and theoretical studies, I evaluated the importance of jointly considering these 
primary drivers and the feedbacks between fishery components when managing recreational 
fisheries. I developed a novel bioeconomic modelling framework to determine which 
regulations (effort regulations and minimum-size limits) maximized the social welfare 
derived from the fishery, the optimal social yield (OSY). My research refutes the hypothesis 
that anglers are self-regulating (i.e., stop fishing when catch rates decline). The amount and 
type of fishing pressure the fishery received and the social welfare derived were strongly 
influenced by multiple fishery attributes and differed with the type of angler fishing and the 
fish population’s vulnerability to overexploitation (LHT). I found regulations influenced 
fishing mortality rates, but also directly influenced angler behaviour. Some regulations were 
more effective than others at achieving management objectives, but their effectiveness could 
be undermined by hooking mortality and regulatory noncompliance. Despite differences in 
optimal regulations, an OSY management approach generally did not result in overfishing. 
My research demonstrates that a multidisciplinary approach based on clear objectives can 
help us progress towards both socially and biologically sustainable management of 





Die Freizeit- bzw. Angelfischerei ist ein komplexes sozial-ökologisches System, welches sich 
aus drei wesentlichen Komponenten zusammensetzt: einer biologischen, einer sozialen und 
einer Managementkomponente. Fischereimanager sind aufgefordert, anglerischen Interessen 
und den Anforderungen einer biologisch nachhaltigen Gewässerbewirtschaftung gleichsam 
gerecht zu werden. Unzureichend verstandene Wechselwirkungen zwischen den 
Fischereikomponenten limitieren die Möglichkeit, die Angelfischerei nachhaltig zu 
entwickeln. Diese werden beeinflusst von lebensgeschichtlichen Parametern der jeweiligen 
Fischart, von Dynamik und Diversität der Angler sowie von Maßnahmen und 
Managementzielen. Die Dissertation untersuchte die Bedeutung einer gleichzeitigen 
Berücksichtigung der drei Fischereikomponenten und ihren Wechselwirkungen zur 
Realisierung einer biologisch und sozial nachhaltigen Angelfischerei. Ein neuartiges 
bioökonomisches Simulationsmodell identifizierte Bewirtschaftungsmaßnahmen, die den von 
der Fischerei erzeugten sozialen Nutzen maximieren. Die Ergebnisse widerlegen die 
Annahme der Selbstregulationsfähigkeit der Angelfischerei. Die Höhe und Art der 
Befischungsintensität sowie der soziale Nutzen wurden stark durch eine Vielzahl von 
fangabhängigen und fangunabhängigen Attributen beeinflusst, wobei auch Anglertyp und 
Anfälligkeit der Fischpopulation zur Überfischung eine Rolle spielten. Einige Regularien zur 
Erreichung der Bewirtschaftungsziele waren effektiver als andere, aber ihre Wirksamkeit 
könnte durch die Haksterblichkeit und die Nichteinhaltung von Vorschriften unterlaufen 
werden. Obwohl sich die Bewirtschaftungsmaßnahmen je nach Zielart, Anglerschaft und 
Bewirtschaftungszielen richten, beinhalten die als optimal identifizierten Maßnahmen in fast 
allen Fällen eine biologische nachhaltige Bewirtschaftung. Die Ergebnisse zeigen, dass ein 
interdisziplinärer Ansatz zu einer sozial und biologisch nachhaltigen Bewirtschaftung der 






In the temperate, developed world, recreational fishing is the dominant use of many marine 
and most inland fish stocks (Arlinghaus et al. 2002), with participants comprising 10% to as 
high as 50% of the adult population in some countries (Arlinghaus and Cooke 2009). 
Ignoring the non-market value of these resources, the economic revenue generated by 
recreational fisheries may be comparable or greater than that generated by commercial 
fisheries (Post et al. 2002). Yet, recreational fishing is often perceived to be relatively benign 
(McPhee et al. 2002, Cooke and Cowx 2006), because catchability (the efficiency with which 
fish are captured) is often considered to be low (Cox and Walters 2002, Cooke and Cowx 
2006), and because it is often assumed that anglers are self-regulating (i.e., abandon fisheries 
when they become depleted) (Cox and Walters 2002, Post et al. 2002, Radomski 2003). Thus, 
the impacts of recreational fishing on fish populations are often ignored (McPhee et al. 2002, 
Cooke and Cowx 2006), or go unnoticed due to insufficient monitoring (Post et al. 2002). 
However, recreational fishing effort and harvest can be high (McPhee et al. 2002, Coleman et 
al. 2004, Cooke and Cowx 2004, 2006), with annual exploitation rates as high as 80% being 
reported in some systems (Lewin et al. 2006). Recreational fishers may also be allowed to 
target vulnerable populations or life stages that commercial fishers are restricted from 
utilizing (Coleman et al. 2004, Cooke and Cowx 2004), and, due to the complexity of angler 
behaviour, may not behave in a self-regulating manner (Post et al. 2002, Beard et al. 2003). 
Thus, recreational fisheries can be an important contributor to the decline of global fish 
populations (McPhee et al. 2002, Post et al. 2002, Coleman et al. 2004, Cooke and Cowx 
2004, 2006). 
Sustainable Management 
Managers are faced with the challenge of balancing the interests of angling groups – the 
social sustainability – with concerns about the biological sustainability of exploited fish 
populations (Radomski et al. 2001, Peterson and Evans 2003). The impacts of fishing on fish 
populations include demographic changes through truncation of the natural age and size 
structure (Hutchings and Reynolds 2004, Lewin et al. 2006), the release from interspecific 
competition which may result in phenotypically plastic changes in life-history traits such as 
growth and maturation (Lorenzen and Enberg 2002, Lewin et al. 2006), and, if fishing acts as 
a selective force, evolutionary changes in life-history traits (Heino and Godø 2002, Lewin et 




influencing the amount and type of fish that can be legally harvested and the amount and type 
of fishing pressure the fishery receives. However, recreational fisheries are social-ecological 
systems. Any changes to the biological component of the fishery, and indeed in the 
regulations themselves, will have consequences for the perceived quality of the fishery by the 
angler community and the corresponding social welfare (alternatively termed benefits, 
satisfaction, or utility) derived from the fishery. Thus, when managing recreational fisheries, 
managers must be concerned with both the biological and social sustainability of the fishery. 
1.1 Biologically Sustainable Management 
In terms of the biological sustainability of a recreational fishery, the success of any 
management action will depend on: (i) the intrinsic vulnerability of the fish population to 
overexploitation, which is influenced by the fish life history, (ii) the ability to accurately 
predict fishing effort, which is influenced by the type of angler fishing and their associated 
behaviour, and (iii) how effective management actions are at controlling the negative impacts 
of fishing, which is influenced by the type of regulations used and their effectiveness. The 
drastic decline or collapse of some recreational fish populations (McPhee et al. 2002, Post et 
al. 2002) suggests that management strategies have not always been successful.  
1.1.1 Fish life history 
The impacts of angling on recreational fish populations, both in terms of population declines 
and changes in the demographic structure, depend on the life history of the species being 
exploited. A species’ life-history traits (describing, e.g., growth, maturation, or fecundity) 
will influence its intrinsic vulnerability to overexploitation, because, in combination, they 
determine the timing and magnitude of reproduction and mortality (Stearns 1992). Life-
history traits vary substantially among species and populations (Stearns 1992, Reynolds et al. 
2001) and are often phenotypically plastic (Pigliucci 2005). The combination of life-history 
traits, i.e., a species’ life-history strategy, is the evolutionary outcome of natural selection that 
maximizes lifetime reproductive success under the constraints imposed by trade-offs between 
time and how energy is allocated among such things as growth, reproduction, and somatic 
maintenance (Stearns 1992, Reynolds 2003). The “fast-slow continuum” is often used to 
describe the range of potential life-history strategies, with “fast” applying to species that 
mature early and produce large numbers of offspring, and “slow” applying to those that delay 
maturation, attain a larger body size and produce fewer larger offspring over extended 




exhibit different life-history strategies differ in their productivity, and thus in the amount of 
fishing mortality they can sustain (Reynolds et al. 2001). Furthermore, the degree to which 
density-dependent processes regulate populations differs, altering their ability to compensate 
for fishing mortality (Rose et al. 2001, Winemiller 2005, Goodwin et al. 2006). For example, 
fish with slower life histories have been reported to be more vulnerable to overexploitation 
than fish with the opposite characteristics (Jennings et al. 1998, Reynolds et al. 2001). This 
suggests that the large-bodied predatory fish with slower life histories commonly targeted by 
recreational anglers in many countries (Arlinghaus et al. 2002, Lewin et al. 2006), are at risk 
of overexploitation. However, in fish, the negative correlation between body size and 
extinction risk is equivocal (Duncan and Lockwood 2001, Reynolds et al. 2005, Pinsky et al. 
2011, Hutchings et al. 2012). Thus, to predict how fish populations will respond to 
exploitation, quantitative modelling approaches that account for differences in life-history 
traits are required (Rose et al. 2001).  
1.1.2 Angler dynamics and heterogeneity 
The impacts of angling on recreational fish populations also depend on the amount and type 
of fishing pressure the fishery receives. Past research on sustainable fisheries management 
has generally only considered the ecological component of recreational fisheries – the 
dynamics of the fish population. The social component – the dynamics of the angler 
population – has been largely disregarded (Hilborn and Walters 1992, Johnson and Carpenter 
1994, Aas and Ditton 1998, Radomski et al. 2001, Cox and Walters 2002, Beard et al. 2003, 
Metcalf et al. 2010). Yet, ignoring angler dynamics introduces large implementation 
uncertainty to any management action (Fulton et al. 2011), as the amount of fishing effort a 
fishery receives will strongly influence the impacts that fishing has. Thus, for management 
actions to be effective, an understanding of not only how fish respond to exploitation, but 
also how anglers alter their fishing behaviour in response to social and ecological changes in 
the fishery is required (Radomski et al. 2001). Consequently, the behavioural dynamics of 
anglers must be incorporated into integrated fisheries-management models (Johnson and 
Carpenter 1994, Radomski et al. 2001, Post et al. 2008, Fulton et al. 2011, Fenichel et al. 
2013a, Post 2013).  
When angler-effort dynamics are considered, studies generally assume them to be 
predominantly or exclusively driven by catch rates or by some other measure of fish 




unlike commercial fisheries in which fishers attempt to maximize profit or employment 
(Hilborn 2007), maximizing harvested biomass may not be the primary factor determining 
anglers’ fishing decisions (Post et al. 2002, Cox et al. 2003).  Behaviour of recreational 
anglers is likely much more complex, and thus harder to predict (Fenichel et al. 2013a). It is 
known from human dimensions research on recreational fisheries that multiple attributes of 
the fishery system drive anglers’ behavioural decisions (Hunt 2005). Availability of preferred 
species, catch rates, fish size, congestion, facilities available, distance, and angling 
regulations are some of the attributes that are thought to affect anglers’ participation 
decisions (Hunt 2005).  In ecological terms, such complex multi-attribute-based behaviour 
produces a disconnect between the predator and its prey because the number of predators is 
not constrained by the number of prey (Johnson and Carpenter 1994). This makes it difficult 
to quantify the numerical response of anglers (Post et al. 2002), and thus the impact they will 
have on the fish population.  
A further consideration is that it is unlikely that all anglers behave the same. Rather, it is 
more likely that the angler community is made up of a mixture of diverse angler types who 
are heterogeneous in their fishing preferences. The relative importance of fishery attributes, 
and thus the utility (satisfaction) they derive from fishing, varies among angler types 
(Jacobson 1996, Aas et al. 2000, Hunt 2005, Oh et al. 2005a, Oh and Ditton 2006, Beardmore 
et al. 2011). Hence, the participation decisions of angler types differ, because their 
perceptions of fishery quality are not the same. Furthermore, various types of anglers may 
also differ in their fishing practices – for example, they may have different skill levels, target 
fish of different sizes, utilize different gear, and differ in their propensity to voluntarily 
release fish (Bryan 1977, Hahn 1991, Fenichel et al. 2013a, Heermann et al. 2013, Ward et al. 
2013). Based on recreation specialization theory it has been suggests that there is a 
continuum in angler behaviour from the least specialized anglers, that are casually involved, 
to the most specialized, that are setting and technique specialists (Bryan 1977, Ditton et al. 
1992). It is thought that as specialization increases, so does commitment to angling, skill 
level, and the importance of fish size, (Bryan 1977, Hahn 1991), while the importance of 
harvesting fish declines (Oh and Ditton 2006, Arlinghaus 2007). Given such diversity, the 
impact that recreational fishing has on fish populations likely varies with the composition of 




1.1.3 Management options and regulation efficacy 
The impacts of angling on recreational fish populations also depend on the amount of 
mortality anglers can impose on the fishery. Harvest regulations are tools commonly used in 
recreational fisheries to minimize the negative impacts of fishing (Radomski et al. 2001, 
Allen et al. 2013), particularly in open-access fisheries that pervade in North America (Cox 
and Walters 2002, Post 2013).  These output regulations include, for example, daily harvest 
limits (i.e., bag limits, creel limits) or size-based harvest regulations such as minimum-size 
limits. However, in less productive fisheries few anglers actually catch their limit (Baccante 
1995, Cook et al. 2001), and consequently daily harvest limits may be ineffective (e.g., van 
Poorten et al. 2013). Minimum-size limits (MSLs) are the most commonly used size-based 
regulations (Radomski et al. 2001), but can result in the truncation of the size- and age-
structure of the fish population (Lewin et al. 2006, Arlinghaus et al. 2010). The loss of large, 
and hence more fecund, fish from the population can erode compensatory capacity (Birkeland 
and Dayton 2005, Lorenzen 2008, Arlinghaus et al. 2010), and impair long-term biological 
sustainability of populations (Berkeley et al. 2004, Anderson et al. 2008, Hsieh et al. 2010). 
Thus, it is perhaps not surprising that MSLs have been reported to be ineffective at achieving 
management objectives such as increasing the proportion of large fish in the population and 
increasing overall fish abundance (Wilde 1997, Arlinghaus et al. 2010). Other, less 
commonly implemented, length-based regulations such as protected-slot limits, that protect 
intermediate size classes, or harvest-slot limits (HSLs), that protect large and small 
individuals, but allow the harvest of intermediate-sized fish, may be more effective for 
achieving such management objectives (Wilde 1997, Arlinghaus et al. 2010, Pierce 2010). 
Output control measures are only effective, however, if released fish survive and successfully 
reproduce (Arlinghaus et al. 2007). The effectiveness of harvest regulations can be 
undermined by hidden sources of mortality, such as hooking mortality (death from handling 
or injury during the process of catch-and-release, also termed discard mortality) (Coggins et 
al. 2007, Pine et al. 2008) and noncompliance with regulations (Gigliotti and Taylor 1990, 
Caroffino 2013), either from deliberate illegal harvest or due to measurement error or lack of 
regulation awareness (Page et al. 2004, Page and Radomski 2006). While under the right 
conditions the percent of released fish dying from hooking mortality approaches zero, under 
less favourable conditions estimates as high as 90% have been reported (Hühn and 
Arlinghaus 2011). Similarly, regulatory noncompliance with bag limits may be low (e.g., 7%; 




reported (Pierce and Tomcko 1998, Sullivan 2002). Furthermore, noncompliance can be a 
depensatory process (Allee effect) where the per capita mortality probability increases as 
catch rates, and underlying populations, decline (Sullivan 2002, Näslund et al. 2010). Post et 
al. (2002) and Post (2013) have warned that noncompliance may be an important component 
contributing to the collapse of recreational fisheries. Thus, accounting for both hooking 
mortality and noncompliance is important for ensuring the sustainability of recreational 
fisheries, yet few models do so explicitly. 
It must also be recognized that output regulations, such as the ones previously mentioned, 
apply to individual anglers. They do not limit the number of anglers fishing and thus not the 
total harvest/mortality that the fishery experiences (Radomski et al. 2001, Cox and Walters 
2002, Cox et al. 2002). Therefore, even under very restrictive output regulations, 
overexploitation may still occur if angling effort is sufficiently high (Cox and Walters 2002, 
Cox et al. 2002, Post 2013). Indeed, depending on the life-history characteristics of the 
species being exploited, even the most restrictive regulations (e.g., zero harvest) will be 
ineffective if fishing effort and hooking mortality (Paul et al. 2003, Post et al. 2003, Coggins 
et al. 2007) or regulatory noncompliance (Gigliotti and Taylor 1990) are sufficiently high. 
Furthermore, increasing trends in the practice of voluntary catch and release (the voluntary 
release of legally harvestable fish) limit the ability of harvest regulations to alter the impacts 
of fishing (Allen et al. 2008, Ferter et al. 2013). To address such problems, input regulations 
that limit fishing effort, such as limiting the number of angling licenses issued or seasonal 
closures, may be used to limit the negative impacts of fishing (Cox et al. 2002). However, 
such management strategies are often controversial, particularly in areas where anglers have 
historically had open access to public waters (Cox and Walters 2002). 
Regardless of the regulations used, management actions are not external to the dynamics of 
the fishery system. Regulations influence catch-related attributes, such as the type and 
number of fish caught and harvested, which in turn alter the utility that anglers derive from a 
fishing experience. Thus, regulations indirectly alter angler behaviour. Yet, anglers also 
respond directly to the regulations themselves (Beard et al. 2003). For example, some 
regulations may be perceived as overly restrictive (Aas et al. 2000, Oh et al. 2005b, Carlin et 
al. 2012), or as an indicator of stock status (Beard et al. 2003), leading to changes in anglers’ 
fishing decisions. Thus, management regulations will affect the fish population, the angler 
population, and the interplay between them (Homans and Ruliffson 1999). Not accounting for 




implications for the sustainable management of recreational fisheries (Metcalf et al. 2010, 
Fulton et al. 2011, Fenichel et al. 2013a). 
1.2 Socially sustainable management 
In terms of the social sustainability of a recreational fishery, the success of any management 
action will depend on the amount of social welfare (alternatively termed benefits or utility) 
that the fishery generates, requiring a paradigm shift from traditional management approaches 
that focus on maximizing catch rates or yield.  Past management strategies, such as a 
maximum sustainable yield (MSY) approach, do not incorporate the social benefits provided 
by a fishery that are not measured by yield alone (Bennett et al. 1978, Malvestuto and 
Hudgins 1996, Radomski et al. 2001, Fenichel et al. 2013a). Yet, there is no reason to assume 
that maximization of social welfare will occur when fishery yield is maximized (Cox et al. 
2003). As an alternative, optimum social yield (OSY), is a management approach that 
integrates the social and economic aspects of a fishery with the biological aspects allowing 
for a management objective that maximizes the social welfare that a fishery provides to 
society (Roedel 1975, Malvestuto and Hudgins 1996). Thus, this approach is much better 
suited to recreational fisheries, because it incorporates numerous factors beyond catch or 
yield alone. Furthermore, OSY provides a single, unambiguous management objective which 
is needed to judge management successes (Bennett et al. 1978, Barber and Taylor 1990, 
Radomski et al. 2001, Irwin et al. 2011, Fenichel et al. 2013b). However, the OSY approach 
is rarely used in practice, possibly because of the difficulty of measuring the underlying 
quantities.  
To progress towards socially sustainable management, it is necessary to quantify individual 
anglers’ preferences for regulatory outcomes and the utility they derive (Fenichel et al. 
2013b), something which will vary among diverse angler types (Aas et al. 2000, Oh et al. 
2005a, Oh and Ditton 2006, Fenichel et al. 2013b).  These diverse angler preferences, and 
resulting behavioural decisions, need to be integrated into recreational fisheries models 
designed to determine optimal management policies (Radomski and Goeman 1996, 
Arlinghaus et al. 2008), for example from an OSY perspective. Discrete choice models 
quantitatively describe angler preferences and predict angler behaviour (Fenichel et al. 2013a, 
Fenichel et al. 2013b), and are commonly used in recreational fishing demand studies 
(Fenichel et al. 2013a). Discrete choice models are based on random utility maximization 




maximizes their individual utility. The utilities of individual anglers then need to be weighted 
and aggregated using a social welfare function to provide a measure of social welfare that can 
be used to judge management outcomes (Perman et al. 2003, Fenichel et al. 2013b). Yet, few 
recreational fishing models based on utility theory have been developed to predict the optimal 
social welfare generated by different management schemes (e.g., Die et al. 1988, Jacobson 
1996, Massey et al. 2006), and fewer still represent coupled social-ecological models that 
account for multi-attribute angler behaviour (e.g., Cole and Ward 1994, Homans and 
Ruliffson 1999, Woodward and Griffin 2003, Massey et al. 2006), and angler heterogeneity 
(e.g., McConnell and Sutinen 1979, Anderson 1993). Furthermore, how individual 
preferences should be weighted in a social welfare function will depend on the managers’ 
objectives and their concerns about equity, thus, there is no consensus on how this should be 
done (Perman et al. 2003, Fenichel et al. 2013b). For example, the social welfare function 
designed to allocate resources in a way that maximizes the total utility of all users, would 
differ from one with the objective of equitably distributing resources among all users. Thus, 
management objectives will likely strongly influence the management regulations that are 
predicted to be socially optimal, and need to be explicitly stated a priori (Fenichel et al. 
2013b). 
1.3 Summary 
In summary, three interrelated factors need to be jointly considered when managing 
recreational fisheries (Figure 1): (i) the social component which describes the heterogeneity 
and dynamics of fishers exploiting the fishery (Radomski et al. 2001, Wilen et al. 2002, 
Fulton et al. 2011, Fenichel et al. 2013a), (ii) the biological component which describes fish 
population dynamics given the life history of the species and its resulting intrinsic 
vulnerability to overexploitation (Reynolds et al. 2001, Rose et al. 2001, Winemiller 2005),  
and (iii) the management component which describes the influence of input and output 
regulations on the ecological and social dynamics of the fishery, and which evaluates the 
effectiveness of these regulations for achieving various biological and social management 
objectives (Radomski et al. 2001, Cox and Walters 2002, Beard et al. 2003). Only by 
integrating these three main components – social, biological, and management – into fisheries 






Figure 1. Schematic model of the main fishery components and their interactions. 
2 RESEARCH OBJECTIVES AND STUDY QUESTIONS 
The objective of my doctoral research was to evaluate the importance of jointly considering 
the social, biological, and management components of recreational fisheries for their 
biologically and socially sustainable management. Specifically, the aim was to address the 
following questions:   
NOTE: Bold roman numerals in parentheses identify the relevant paper from the list of 
papers. Numerous papers may be relevant to a single question (see conceptual outline in 
Figure 2). 
SOCIAL COMPONENT:  
• How does dynamic angler behaviour influence recreational fisheries and their 
management (I, II, III, IV)? 
• How does the consideration of multi-attribute angler behaviour impact sustainable 




• How does angler heterogeneity in behavioural preferences influence recreational 
fisheries management (I, II, III, IV)? 
BIOLOGICAL COMPONENT: 
• Do different fish life-history types differ in their intrinsic vulnerability to over-
exploitation (III, IV)? 
• How does fish life history influence fish-angler dynamics (III, IV)? 
• How does fish life history alter predictions about optimal management (III, IV, V)? 
MANAGEMENT COMPONENT: 
• How do hooking mortality and depensatory noncompliance influence the efficacy of 
management regulations (IV, V)? 
• How does the use of harvest-slot limits (harvest of intermediate size classes) improve 
the efficacy of regulations in terms of achieving multiple management objectives, 
compared to the use of minimum-size limits (V)? 
• How do predictions about optimal management change with differing management 
objectives (II, V)? 
 
Figure 2. Conceptual outline of thesis papers in the context of fishery components and 




3 METHODS SUMMARY 
To address my research questions, I used both empirical (I) and theoretical approaches (II, 
III, IV & V). 
3.1 Empirical methods 
Paper I in my thesis examined the importance of considering the dynamic response of 
anglers to regulation changes, and their multi-attribute behaviour for recreational fisheries 
management. Population data from a recreationally-exploited char population (bull trout, 
Salvelinus confluentus), and two years of data from roving creel surveys of winter ice-anglers 
were used. The first year, 1992, represents conditions just prior to the implementation of a 
zero-harvest (total catch-and-release) regulation and organic bait ban. At this point in time, 
the bull trout population was heavily overexploited. The second year, 2002, represents 
conditions ten years after the regulation changes were implemented, at which point the fish 
population had rebuilt. Angler effort and catch-related attributes of the fishery – catch rates 
and the size structure of fish caught – were compared to determine if differences existed 
between before and after the bull trout population rebuilt, and if angler effort was positively 
related to catch quality. Voluntary catch information reported by anglers during the summer 
months from 1996 to 2003 was used to evaluate temporal trends and the correlation between 
the rebuilding of the fish population and catch-related attributes of the fishery.  
3.2 Theoretical models 
An integrated modelling approach, like the one depicted in Figure 1, that incorporates fish 
diversity, angler diversity, management actions, and their interactions is required to move 
towards the sustainable management of recreational fisheries. To this end, I developed an 
integrated bioeconomic model framework that involved linking an age-structured population 
submodel for a single-species, single-lake fishery (see details below), with a dynamic angler-
effort submodel (see details below). Both input and output regulations, in the form of MSLs 
and license numbers, were the management tools considered. In summary, the age- and size-
structure of the fish population, which was dependent upon the life-history type (LHT) of the 
fish, and the amount and type(s) of fishing effort (angler type), in combination, influenced the 
number and type of fish caught. The number and type of fish dying from fishing was 
dependent upon the structure of the catch, the harvest preferences (i.e., the propensity to 




magnitude of hooking mortality and regulatory noncompliance. The structure of the catch, in 
combination with direct preferences of angler types for angling regulations, influenced the 
utility that a given angler type derived from fishing, and thus the probability of that angler 
type choosing to fish.  The probability of an individual angler fishing, in combination with 
the number of licenses issued and assumed maximum annual fishing effort, determined the 
annual fishing effort, which was calculated at the beginning of the year based on the previous 
year’s experiences. Assessment of regulatory success was based on a socially optimal 
management objective (OSY), maximization of the social welfare (an aggregation of 
individual angler utilities) derived from the fishery. While there was no dynamic feedback 
between the welfare derived and the regulations implemented, one can imagine that this 
would be the next step if an adaptive management approach was to be taken. This model 
framework was used in Papers II, III, and IV. 
3.2.1 Age-structured fish population submodel 
In Papers II, III and IV, I used a deterministic, age-structured population to describe the 
dynamics of the fish population.  To allow for the compensatory responses of the fish 
population to exploitation, I included two crucial density-dependent relationships: (i) density-
dependent survival of the early life-stage (spawning to post-hatch), which is often included in 
fisheries models, and (ii) density-dependent growth in body size, which is much less 
commonly included (Lorenzen and Enberg 2002, Lorenzen 2008). To describe the selective 
nature of angling (Lewin et al. 2006), fishing mortality was assumed to be size-selective in 
two ways: (i) through the size-dependent vulnerability of fish to capture, where smaller 
individuals were less vulnerable to capture than larger ones, and (ii) through minimum-size 
limits, where harvest of fish below the regulated length was illegal. Fish reproduction was 
assumed to occur on an annual basis at the beginning of each year. However, fish mortality 
and the growth in body size of fish were described by continuous functions. This allowed our 
model to account for fish growth into vulnerable size classes and legally harvestable sizes 
within each year, and for the recapture and repeated exposure to hooking mortality of 
released individuals throughout the fishing season, both of which are important aspects of 
recreational fisheries (Coggins et al. 2007). 
3.2.2 Dynamic angler-effort submodel 
Economic theory assumes that if individuals are rational agents, they will make choices that 




anglers have a higher probability of fishing when conditions provide them with more utility 
(Hunt 2005). Choice models based on random utility theory (McFadden 1974, Manski 1977), 
are statistical models that describe the relative contribution (the part-worth utility, PWU) of 
an attribute to an individual’s utility, and make predictions about the probability of choosing 
an alternative from a selection of alternatives (Hunt 2005). This method has been used by 
human-dimensions researchers to predict how changes in a fishery affect angler use ( e.g., 
Aas et al. 2000, Hunt 2005, Oh et al. 2005b, Oh and Ditton 2006). I used this approach to 
describe the angler-effort dynamics in my model. Such mechanistic models are more suitable 
that phenomenological models (e.g., Ideal free distribution models) for describing angler 
behaviour when obtaining measures of angler welfare and accounting for angler 
heterogeneity are important (Fenichel et al. 2013a). 
 
Figure 3. Qualitative differences in angler preferences for fishery attributes among the three 
different prototypical angler types (generic, consumptive, and trophy anglers). Gray circles 
indicate the relative preference levels or tolerance levels (low, intermediate, or high) of 
angler types for a particular fishery attribute. (Figure from Paper II) 
In Papers II and III, behaviour of three prototypical angler types – generic, consumptive, 
and trophy anglers – was determined by angler-type-specific multi-attribute utility functions 
(Figure 3). These functions included the following fishery attributes: catch rates, average size 


















regulations and license costs, all of which have been shown to affect anglers’ fishing 
decisions (Hunt 2005). I developed these three stylized angler types based on angler 
specialization theory (Bryan 1977, Hahn 1991, Ditton et al. 1992, Fisher 1997). Thus, 
parameters for the utility functions, which described the fishing preferences of the different 
angler types, were chosen to reflect differential specialization, consumptive orientation, and 
overall dedication to the recreational fishing experience (see Paper II for detailed 
descriptions). Generic anglers were assumed to be the least specialized, consumptive anglers 
were intermediate, and trophy anglers were the most specialized, with consumptive anglers 
by definition having the greatest consumptive orientation and trophy anglers the least.  I also 
assumed that they differed in their fishing preferences and fishing practices (e.g., 
skill/catchability, size of fish targeted, and propensity to voluntarily release fish). Figure 3 
illustrates qualitatively how angler preferences for fishery attributes differed among the three 
prototypical angler types, and details are fully described in Paper II. 
In Paper IV, I used an empirically based description of angler behaviour. Beardmore et al. 
(2013) carried out a stated-preference discrete choice experiment on anglers from the German 
federal state of Mecklenburg-Vorpommern. Using a latent class modelling analysis based on 
random utility theory (McFadden, 1974), Beardmore et al. (2013) found that, based on their 
preference diversity, anglers could be allocated to three classes (angler types), committed, 
casual and trophy anglers, comprising 58%, 33% and 9% of the sample, respectively. In 
addition to the fishery attributes described above, distance and bag limits were included in the 
experimental design by Beardmore et al. (2013). Based on this research, I calibrated the 
parameters for the PWU functions to describe the preferences of the three angler types used 
in Paper IV. Details of this process can be found in Paper IV. 
3.2.3 Outline of analyses used in theoretical studies 
Paper II examined the importance of considering the dynamic response of anglers to 
regulation changes, multi-attribute angler behaviour, and angler heterogeneity for socially 
optimal management. The biological component of the model was parameterized to describe 
a prototypical northern pike (Esox lucius) population, which is a popular target species in 
recreational fisheries in both North America and Eurasia (Paukert et al. 2001, Beardmore et 
al. 2011). To determine the importance of considering dynamic and complex angler 
behaviour, I altered the assumptions underlying the social component of the model by 




determined by catch rates alone, and (iii) that angler behaviour was complex, determined by 
multiple attributes of the fishery. Equilibrium outcomes were compared to determine how 
optimal regulations (minimum-size limits and license numbers that maximized aggregated 
total utility) differed among the three scenarios, and whether optimal regulations resulted in a 
biologically sustainable fishery. Biological sustainability was assessed using spawning-
potential ratio (SPR); a metric which measures reductions in a fish population’s reproductive 
output, and which has been used in recreational fisheries models as an indicator of 
recruitment overfishing (e.g., Coggins et al. 2007, Allen et al. 2009, Allen et al. 2013). To 
examine the influence of angler heterogeneity, all scenarios were simulated with angler 
populations composed solely of one of the angler types, and with an angler population that 
was made up of a mixture of angler types (40%, 30%, and 30% of generic, consumptive and 
trophy angler types, respectively). A further analysis was carried out in which I varied the 
welfare measure that determined optimal regulations to reflect differing management 
objectives. To do this I varied how the utility gained from fishing by the different angler 
types in a mixed angler population was weighted when the utilities were aggregated to obtain 
a measure of social welfare. This allowed us to assess how predictions about socially optimal 
regulations varied with differing management objectives (e.g., if managers were concerned 
with a more equitable distribution of resources or simply utility maximization).  
Paper III examined how fish life history influenced fish-angler dynamics and predictions 
about the socially optimal of recreational fisheries. The biological component of the model 
was parameterized to describe five prototypical species; northern pike (Esox lucius), 
European perch (Perca fluviatilis), pikeperch (Sander lucioperca), brown trout (Salmo trutta) 
and bull trout (Salvelinus confluentus). These life-history types (LHTs) were chosen because 
they represent the broad range of life-history characteristics (illustrated in Figure 4) (Wootton 
1984) of species commonly targeted by freshwater recreational anglers (e.g., Post et al. 2002, 
Almodóvar and Nicola 2004, Beardmore et al. 2011). To determine how vulnerability to 
overexploitation differed among LHTs, I examined the response of the fish populations to a 
range of fishing effort levels, where angler behaviour was static and the angler type was 
consumptive. I then explored how angler behaviour and diversity influenced predictions 
about socially optimal regulations and the biological (i.e., SPR) and social (i.e., total utility 
and annual fishing effort) conditions under these regulations. In these analyses, angler 
behaviour was assumed to be complex (driven by a multi-attribute utility function). 




with four mixed angler population scenarios where the relative composition of the three 
angler types differed (i.e., 40%, 30%, 30%; 70%, 15%, 15%; 15%, 70%, 15%; 15%, 15%, 
70%; for generic, consumptive and trophy angler types, respectively). Socially optimal 
regulations and the biological and social conditions under optimal regulations were 
examined. 
 
Figure 4. Qualitative description of variation in biological characteristics among the five 
considered fish life-history types. Small, medium and large circles represent low/small, 
intermediate and high/large levels, respectively.  See Paper III for further details. (Figure 
from Paper III) 
Paper IV examined how hidden sources of mortality, hooking mortality and regulatory 
noncompliance, influence the efficacy of management regulations. It expands on the work 
from Papers II and III, by incorporating empirically-based angler behaviour of the three 
diverse angler types reported by Beardmore et al. (2013), in addition to the five diverse fish 
LHTs used in Paper III. A recent review by Hühn and Arlinghaus (2011) on hooking 
mortality rates of European species important for recreational fisheries, or related species, 
found that the majority (57.1%) of hooking mortality estimates reported were under 10% 
(i.e., ≤ 10% of released fish died), and that estimates exceeding 50% mortality were rarely 
(7.9 %) reported. Reflecting this distribution, I considered five different levels of hooking 
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mortality, 0%, 5%, 10%, 25%, and 50%, in the presence and absence of regulatory 
noncompliance in Paper IV. Noncompliance with MSLs was modelled as a depensatory 
process, as has been reported by Sullivan (2002) and Näslund et al. (2010). I examined how 
hooking morality and regulatory noncompliance influenced regulation efficacy, in terms of 
averting recruitment overfishing, and how they influenced socially optimal regulations and 
the biological and social conditions under them. Finally, I examined the consequences of 
ignoring these hidden sources of mortality, and how hidden mortality affected management 
outcomes in open-access fisheries where effort regulations are not feasible. 
Paper V compares the relative effectiveness of MSLs and harvest-slot limits (HSLs) for 
achieving diverse management objectives (i.e., maximizing harvest vs. maximizing trophy 
catch). The integrated modelling framework used in Papers II, III and IV was not used here. 
Instead, we used an age- and size-structured fish population model that incorporated 
numerous growth trajectories in order to more accurately represent the distribution of fish 
size within an age class that occurs in natural populations. Two generic prototypical fish 
LHTs, similar to those used by (Coggins et al. 2007), were modelled, in addition to six LHTs 
that represented recreational important fish species. For simplicity, fishing effort was 
represented by an instantaneous annual harvest rate, which was constant within a simulation, 
rather than having dynamic anglers. Intermediate and high exploitation rates were examined. 
We evaluated the model outcomes based on three management objectives, maximization of 
trophy catch, maximization of harvest, or a compromise objective where trophy catch and 
harvest were weighted similarly. The risk of recruitment overfishing and the truncation of the 
size distribution of the fish population were assessed under objective-meeting regulations. 
Results were compared between MSLs and HSLs. 
4 MAIN FINDINGS AND DISCUSSION 
4.1 The social component 
Recreational fisheries are social-ecological systems. Unlike typical predator-prey systems, 
there is a disconnect between the numerical response of the predator to changes in prey 
abundance, because numerous factors both social and biological influence angler abundance 
(i.e., behaviour). A poor understanding of fish-angler dynamics has limited our ability to 
manage recreational fisheries in a sustainable manner. This has led to the recognition that not 




fisheries, but also the dynamics of the angler community fishing and its response to 
management actions (Radomski et al. 2001, Fulton et al. 2011, Fenichel et al. 2013a, Post 
2013). However, difficulties associated with the multidisciplinary nature of creating social-
ecological models, have resulted in few studies undertaking this task (reviewed in Fenichel et 
al. 2013a). My approach of incorporating the primary drivers and feedbacks between the 
social, biological and management components of a recreational fishery (Papers II, III & 
IV) provides a solution for modelling this social-ecological system, bridging the gap between 
the fisheries and social sciences. In fact, Fenichel et al. (2013a) cites Paper II as one of the 
articles making a key contribution to this field of recreational fisheries modelling. In the 
following sections, I will discuss the importance of considering all three components of this 
social-ecological system for the biological and social sustainability of recreational fisheries 
management. 
4.1.1 Biological sustainability 
In terms of the biological sustainability of recreational fisheries, the bull trout population 
presented in Paper I was severely overexploited prior to the introduction of zero harvest 
regulations. Furthermore, Paper I clearly illustrates the disconnect between predator and 
prey populations. Counter to catch-based expectations, angler effort decreased, rather than 
increased, with the increasing catch rates and the increasing catch of trophy-sized fish that 
were experienced as the population recovered after the regulation change (Paper I). The 
findings from Paper I, in combination with information from other studies (e.g., McPhee et 
al. 2002, Post et al. 2002, Coleman et al. 2004,  and review in Allen et al. 2013), refute the 
commonly held assumption that recreational anglers are self-regulating and, thus, leave the 
fishery when catch rates (which presumably correlate with fish population decline) drop (Cox 
and Walters 2002, Post et al. 2002, Post 2013). Implicit to the self-regulation hypothesis is 
the assumption that anglers behave dynamically, albeit solely in response to catch rates. 
Furthermore, this hypothesis assumes that anglers are highly responsive to catch rates, which, 
if not valid, can have dire consequences for the biological sustainability of a fishery (Allen et 
al. 2013). Despite this, for simplicity fishing effort is commonly assumed to be constant in 
fisheries models, or if angler dynamics are considered at all, it is assumed anglers respond 
solely to some metric that is related to catch rate, such as vulnerable population size (e.g., 





The absence of a positive relationship between increased catch rates and angler effort 
reported in Paper I supports suggestions that the assumption of catch-based self-regulation is 
overly simplistic (Post et al. 2002, Post et al. 2008), and demonstrates the need to better 
understand why anglers choose to fish where they do. Human dimensions researchers have 
found that multiple catch-related and non-catch-related attributes contribute to anglers’ 
participation decisions (reviewed in Hunt 2005). Findings from Paper II suggest that not 
accounting for this complexity in angler behaviour can alter predictions about the amount of 
fishing effort that a fishery will attract, and the impacts that angling will have on the fish 
population. A key finding of Papers II & III was the theoretical prediction that anglers may 
continue to fish even when fish populations are depleted because of the appeal of other 
attributes of the fishery were able to compensate for the low utility derived from catch rates. 
This is a reasonable prediction given the overexploitation of some recreational fisheries (e.g., 
Post et al. 2002; Paper I). Thus, adopting a multi-attribute perspective on angler behaviour in 
recreational fisheries models will improve predictions about fishing effort and its 
consequences for the fish population.  
My research (Papers II, III & IV) also indicates that is not only the complexity of angler 
behaviour, but also the diversity, i.e., the heterogeneity of the angling community, that is 
critical for predicting the impacts of angling on fish populations. It may be tempting to 
simplify model assumptions and use a description of average angler behaviour (Hahn 1991, 
Aas and Ditton 1998, Fenichel et al. 2013a). However, results from Paper II suggest that this 
would be in error, because the negative impact of angling on the fish population was 
generally greater when a mixed angler population was assumed. In terms of biological 
sustainability, Papers II, III & IV found that differences in both harvest practices (the 
propensity to voluntarily release fish) and angler preferences (e.g., the degree to which 
management measures inhibited behaviour, or the importance of other attributes over catch 
rate) played critical roles in predicting angler behaviour and the impacts fishing has on the 
fish population. Under various management scenarios, angler diversity results in changes in 
the composition of the anglers fishing, because of the differential responses of angler types to 
the management regulations themselves and the structure of the fish population the 
regulations produce (Paper II). An averaging approach to describing angler behaviour dilutes 
these differences and hence underestimates angling impacts (Paper II). Thus, my research 
indicates that current monitoring methods that pool information about anglers need to be 




composition of the angling community they are managing to effectively manage recreational 
fisheries.  
A key point highlighted by my research, is that when predicting the biological impacts of 
fishing, it is important to remember that management regulations do not occur in isolation 
from the fish-angler system (Fenichel et al. 2013a). Harvest regulations may directly limit 
fish harvest by an individual angler, but they also affect angler behaviour (i.e., change fishing 
effort), which has indirect consequences for the biological sustainability of the fishery. In 
particular, harvest regulations may alter the attractiveness of a fishery if they are perceived to 
constrain anglers’ opportunities to harvest fish (Radomski and Goeman 1996, Cox et al. 
2002, Dorr et al. 2002), or if they alter anglers’ expectations about fishery quality (Cook et al. 
2001, Beard et al. 2003, Fayram et al. 2006). How regulations influence angler behaviour will 
vary with angler type (Beard et al. 2003), because how angler types perceive regulations will 
differ (e.g., Aas et al. 2000, Oh et al. 2005b). For example, Beard et al. (2003) found that 
walleye (Sander vitreus) anglers in general fished less on lakes with lower bag limits despite 
them having higher catch rates, whereas fishing effort by walleye-specific anglers did not 
differ across regulations. This finding agrees with my finding in Paper I, i.e., that angler 
effort decreased despite increases in catch-related aspects of the fishery and was likely due to 
a lack of tolerance by some anglers to restrictive harvest regulations. Yet, results from Paper 
I demonstrated that some anglers still fished, despite the total catch-and-release regulation, 
indicating that anglers were heterogeneous in their fishing preferences and behaviour. 
One implication of angler responses to management actions is that they may alter or 
undermine the efficacy of regulations in terms of achieving management objectives 
(Radomski et al. 2001, Fayram and Schmalz 2006, Allen et al. 2013). For example, it is 
unknown if regulation changes would have been successful in rebuilding the bull trout 
population described in Paper I if angling effort did not decline. Even at moderate levels of 
fishing effort, low to moderate levels of hooking mortality or regulatory noncompliance can 
result in the overexploitation of bull trout (Post et al. 2003; Paper IV). Similarly, results from 
Papers II & III suggest that trophy anglers may have the greatest negative impacts on fish 
populations (in some cases overexploitation) under more restrictive regulations, because they 
continue to fish under restrictive regulations. This perhaps unexpected outcome would not 




A potential area of future research, that I don’t consider here, is the repercussions of 
management actions at the landscape scale. In open-access fisheries, improvements in fishery 
quality may be countered by an increase in angler effort, not only from the anglers already 
fishing the system but also from the attraction of new anglers to the fishery. Such increases in 
effort have the potential to reduce the quality once more, yielding a “success breeds failure 
pathology” (Cox and Walters 2002, Parkinson et al. 2004). Furthermore, displacement of 
anglers from one system (e.g., as occurred in LKL, Paper I) likely means that they will 
redistribute their effort within the angling landscape, having a spillover impacts on other 
systems (Lester et al. 2003). Thus, the sustainable management of recreational fisheries 
requires landscape-level considerations of angler dynamics (Post et al. 2008, Hunt et al. 2011, 
Post and Parkinson 2012). 
4.1.2 Social sustainability 
Who fishes and how much not only influences the biological impacts that anglers have on the 
fish population, but it also influences the welfare derived from the fishery and, thus, its social 
sustainability. Paper II demonstrates that management approaches designed to maximize 
catch result in suboptimal management (i.e., reduced utility), because of the numerous 
diverse attributes that contribute to angler utility (Hunt 2005). Furthermore, Papers II, III & 
IV show that regulations that maximize social welfare (optimal regulations) vary 
substantially with the composition of the angler community, demonstrating that the “who 
fishes” component (i.e., angler heterogeneity) is very important for the social sustainability of 
the fishery as well as its biological sustainability (see above). Certain management actions 
may lead to the under-representation, alienation, or exclusion of some angler types relative to 
others in mixed-angler fisheries, because of the differences in the relative attractiveness of the 
fishery conditions produced by the regulations to the various angler types (Papers II & III). 
For example, restrictive minimum-size limits are predicted lead to an under-representation of 
consumptive anglers relative to trophy anglers (Paper II). I also speculated in Paper I that 
the reduction in angler effort after the implementation of zero-harvest regulations was due to 
the loss of consumptive anglers from the system. However, without data on angler 
preferences this cannot be confirmed.  Inequitable distributions in the composition of the 
anglers fishing has the potential to result in dissatisfaction with management actions by some 




Given the potentially inequitable distribution of resources in mixed-angler fisheries, the 
question thus arises what types of fishing opportunities should be provided and how should 
these be distributed (Driver et al. 1984, Cole and Ward 1994)? From an economics 
perspective what matters is the maximization of the social welfare a fishery provides, but this 
perspective overlooks that different angler types have competing interests.  As long as 
alternative sites are available in a region, the displacement of one angler type by another 
might not matter if the effort redistribution is biologically sustainable. In this case, the 
repeated call to manage for diverse angling opportunities to enhance the recreational fishing 
experience of all anglers (Driver et al. 1984, Aas et al. 2000, Arlinghaus and Mehner 2004) 
may be the best strategy. My work is among the first to explicitly demonstrate the benefits of 
such an approach when determining optimal, angler-type-specific regulations that maximize 
social welfare. However, when fisheries resources are scarce in a region, managers might 
have difficulties jointly satisfying the interests of the entire angling public (Loomis and 
Ditton 1993, Daigle et al. 1996). In these situations, decisions may be needed about who and 
how many angler types may utilize scarce resources (Loomis and Ditton 1993, Daigle et al. 
1996, Cox et al. 2003). Therefore, my results (Papers II, III & IV) highlight the need for 
managers to be clear about their management goals and objectives when implementing 
regulations (Barber and Taylor 1990, Aas and Ditton 1998, Fenichel et al. 2013b), 
particularly those that anglers perceive will or will constrain their angling activities. 
4.2 The biological component 
Historically, fisheries science has primarily focused on the dynamics of the production-side 
of the fishery system, the response of fish populations to exploitation, largely ignoring the 
dynamics of the consumers (Radomski et al. 2001, Cox and Walters 2002, Beard et al. 2003). 
Thus, it is well established that fish that exhibit different life-history strategies differ in their 
productivity and in their ability to compensate for changes in mortality due to fishing 
(Reynolds et al. 2001, Rose et al. 2001, Goodwin et al. 2006), and in the amount of fishing 
mortality species can sustain (Reynolds et al. 2001). However, past research has not 
examined the influence of fish life history on fish-angler interactions. Findings from Papers 
III & IV indicate that, for both the social and biological sustainability of recreational 





4.2.1 Biological sustainability 
Papers III & IV indicate that LHTs differed in their intrinsic vulnerability to 
overexploitation, as expected Spawning-potential ratio, SPR, was used as the metric to assess 
the risk of recruitment overfishing. Larger-bodied LHTs (bull trout and pike) that were 
naturally less abundant were found to be more susceptible to overexploitation than the 
smaller-bodied, more productive LHTs (perch and brown trout). These results generally 
support empirical findings that species with “slow” life histories (i.e., those that mature late, 
with large maximum body sizes and low reproductive rates) are prone to greater population 
declines than species with the opposite characteristics (Jennings et al. 1998, Reynolds et al. 
2001, Dulvy et al. 2003). Furthermore, my results give credence to the argument that, as a 
general “rule of thumb”, maximum body size can provide an useful indicator of extinction 
vulnerability in the absence of more detailed biological information (Jennings et al. 1998, 
Reynolds et al. 2001, Dulvy et al. 2003), (but see Duncan and Lockwood 2001, Pinsky et al. 
2011, Hutchings et al. 2012). However, my findings also caution that any classification based 
on specific life-history characteristics risks obscuring important differences in other life-
history characteristics, resulting in erroneous predictions of species vulnerability. For 
example, I found that age-at-maturation, fecundity and natural mortality are unlikely to be 
good indicators of vulnerable LHTs, contrary to other studies (Jennings et al. 1998, Reynolds 
et al. 2001). Life-history strategies map onto a continuous and multi-dimensional plane (Rose 
et al. 2001), and there will likely always be exceptions to “the rule”. Thus, whenever 
possible, quantitative modelling approaches should be used to predict the responses of fish 
populations to exploitation from angling. 
Given that LHTs differ in their vulnerability, the question becomes how does this influence 
fish-angler interactions? Paper II established that who fishes, and how much angler types 
fish, has important consequences for the impact (in terms of SPR) that angling has on the fish 
population. This result is reinforced by results from Papers III & IV. For example, Paper 
III shows that the greatest impact on fish populations was by consumptive anglers under 
liberal minimum-size limits, while under more restrictive regulations it was by trophy 
anglers. However, a key finding of Paper III is that angler types likely respond differently to 
the various LHTs, with angler types being preferentially attracted to LHTs over others. This 
finding is supported by results from Paper IV, particularly by the substantial differences in 




A further key finding of Paper III is that the relative importance of fishing practices and 
fishing preferences for determining angling impacts differ with LHT. For example, because 
of their propensity to voluntarily release fish, the impact of trophy anglers on intrinsically 
less vulnerable LHTs, such as brown trout, was much less than that of consumptive anglers 
under liberal regulations. Yet, when targeting intrinsically more vulnerable LHTs, all angler 
types had similar impacts under liberal regulations (Paper III). This is because catch rates 
were not sufficient to exceed even the low voluntary daily bag limit (1 fish every 2 days) set 
by trophy anglers. Instead, angler preferences became paramount in determining the impacts 
of angling on more vulnerable LHTs. Under more conservative regulations, angling effort by 
trophy anglers was predicted to be sufficient to result in the recruitment overfishing of the 
most vulnerable LHT, bull trout, at moderate license levels (Paper III), because of the 
tolerance of these anglers for restrictive regulations and the preferences for other fishery 
attributes that existed under these regulations. This unexpected outcome would not have 
come to light without an integrated modelling approach, such as the one used here. It 
illustrates the importance of using social-ecological models when making predictions about 
the impacts of management actions on the biological sustainability of recreational fisheries. 
4.2.2 Social sustainability 
LHT not only influences predictions about the impacts of angling on fish populations, but as 
Papers III & IV demonstrate, LHT can also have important consequences for how to 
manage fisheries in an optimal manner (from an OSY approach). In Paper III, I found that 
while optimal license numbers were generally unresponsive to the LHT being fished, optimal 
minimum-size limits increased dramatically with increased vulnerability of LHTs to 
overexploitation. However, in Paper IV, in which angler types were described based on 
results from a survey of real anglers, patterns were much less consistent. Similar to Paper 
III, optimal license numbers (when hooking mortality was absent) in Paper IV were 
generally similar across LHTs, except in the case of casual anglers. In the case of casual 
anglers optimal license numbers declined as the intrinsic vulnerability of the LHT increased; 
a pattern which also emerged for other angler types when cryptic mortality rates increased. 
Furthermore, in contrast to Paper III, the relationship between optimal MSL and LHT 
vulnerability in Paper IV was not consistent across angler types. These results in 
combination clearly demonstrate the need to consider both who is fishing and the target 
species when deriving socially optimal regulations. Yet, MSLs are often set based on simple 




example, MSLs are often set as low as possible to minimize the loss of potential harvest to 
natural mortality (Johnson and Martinez 1995), but high enough to allow most fish to spawn 
at least once (Noble and Jones 1999). However, findings from Papers III & IV suggest that 
such low MSLs do not maximize social welfare, supporting concerns that such “one-size-fits-
all” management policies can result in the socially suboptimal management of recreational 
fisheries and erode their ecological and social resilience (Carpenter and Brock 2004). 
A key consideration for the social sustainability of recreational fisheries, evidenced by 
Papers III & IV, is that different angler types are implicitly attracted to different LHTs. 
Thus, my research suggests that fish LHT should play an important role when making 
decisions about which angler type(s) to manage a fishery for. For example, if the objective is 
to maximize social welfare, it makes little sense to manage a bull trout fishery for 
consumptive anglers, both from a biological and social perspective. Even under optimal 
regulation, consumptive anglers were likely to cause recruitment overfishing of bull trout, 
and gained much less welfare from targeting this species than the intrinsically less vulnerable 
LHTs which they inherently seemed to prefer (Paper III). While the management of certain 
species for certain angler types is not a new concept (Fisher 1997, Aas et al. 2000), the 
bioeconomic modelling approach, such as the one used in my research, allow managers to 
make transparent, defensible decisions in this regard (Fenichel et al. 2013b). The next step 
would be to develop a multispecies model, to account for the influence of species substitution 
on angler behaviour (Sutton and Ditton 2005, Gentner and Sutton 2008). 
4.3 The management component 
It has been suggested that optimum social yield (OSY) constitutes a superior approach to 
recreational fisheries management, compared to MSY, because it accounts for a broader 
range of biological, social and economic factors (Roedel 1975, Malvestuto and Hudgins 
1996, Cox et al. 2003, Carpenter and Brock 2004). My research supports this paradigm shift. 
Optimal regulations resulted in the biological sustainability of the fishery (Papers II, III & 
IV when hooking mortality was ≤ 5%), in all but one case, a solely consumptive angler 
population targeting the particularly vulnerable LHT, bull trout. This occurred despite clear 
differences in the regulations that maximized angler utility among angler types and LHTs and 
despite the general decline in SPR levels under optimal regulations with LHT vulnerability. 
My work suggests that socioeconomic management objectives, such as maximizing social 




(i.e., correlations between fish population abundance and catch-related attributes of the 
fishery). In line with the precautionary approach to fisheries management (FAO 2012), 
predictions of optimal regulations that result in conditions that approach recruitment 
overfishing should be treated with caution to account for margins of error and stochastic 
processes that underlie any fishery. However, generally, the management advice provided 
when using an OSY approach to recreational fisheries management resulted in both socially 
and biologically sustainable exploitation. Furthermore, management for OSY provides a clear 
objective against which the success of management actions can be judged (Fenichel et al. 
2013b). 
What remains unclear is how alterations of the management component, namely – the type of 
regulations used, the effectiveness of angling regulations, and the influence of alternative 
management objectives on the derivation of optimal regulations – influence the results 
previously discussed. Thus, I dedicate this section to that discussion. 
4.3.1 Biological sustainability 
The effectiveness of management regulations, in terms of maintaining a biologically 
sustainable population and meeting other conservation objectives, depends on their ability to 
limit mortality caused by fishing. This can be done either by limiting the number of anglers 
fishing (input regulations) and, thus, the number of fish caught, or by limiting the number of 
fish harvested (output regulations). However, some harvest regulations may be more effective 
at mitigating the negative impacts of fishing than others. Paper V indicates that, compared to 
MSLs, harvest-slot limits (HSs), that protect both large and small individuals but allow the 
harvest of intermediate size classes, were generally more successful at conserving 
reproductive biomass (i.e., high SPR) and minimizing the truncation of the natural age and 
size structure of the stock that fishing inevitably causes (Hutchings and Reynolds 2004, 
Lewin et al. 2006). This is an important result because the removal of old, large, and hence 
more fecund fish can erode the compensatory capacity of the population (Birkeland and 
Dayton 2005, Lorenzen 2008, Arlinghaus et al. 2010). Such juvenescence of exploited 
populations can increase population variability and reduce their ability to offset 
environmental variation through bet-hedging strategies (Berkeley et al. 2004, Anderson et al. 
2008, Hsieh et al. 2010). Furthermore, changes in larval quality and offspring survival (e.g., 
because of spawning timing) with age or size of the female can limit recruitment (Scott et al. 




processes were not explicitly modeled in Paper V, yet concerns about changes in the age and 
stage structure of the fish populations have led to a general push towards a more 
precautionary form of fisheries management which maintains old-growth age structure in fish 
populations (Francis et al. 2007, Hsieh et al. 2010, Zhou et al. 2010), including more 
specifically the management of freshwater recreational species such as pike (Arlinghaus et al. 
2010) and walleye (Venturelli et al. 2010).  
All harvest regulations, however, implicitly assume that a substantial proportion of released 
fish survive and that anglers are compliant with the regulations. My research (Papers IV & 
V) shows that, depending on the LHT being exploited and the composition of the angler 
population, hooking mortality and regulatory noncompliance can severely undermine the 
efficacy of angling regulations in terms of biological conservation, in some cases even when 
the fishery is managed in a socially optimal manner. Paper IV and other studies (e.g., Post et 
al. 2003, Coggins et al. 2007, Pine et al. 2008)  demonstrate the even low levels of hooking 
mortality that are commonly reported in the literature (e.g., 57.1% of estimates ≤ 10%, Hühn 
and Arlinghaus 2011) are sufficient to cause recruitment overfishing of intrinsically more 
vulnerable LHTs. More resilient LHTs, however, only experience such negative effects when 
hooking mortality levels were extremely high (50% in Paper IV), levels which are rarely 
reported in the literature (e.g., 7.9 % of estimates ≥ 50%, Hühn and Arlinghaus 2011). 
Furthermore, my work is the first to demonstrate that the composition of the angler 
population is also important in this context. For example, only the most committed anglers 
caused recruitment overfishing of the most resilient LHT, even when hooking mortality was 
50% (Paper IV).  
In terms of the efficacy of regulations, an additional novel finding of Paper IV, was the 
importance of modeling regulatory noncompliance as a depensatory process (Allee effect). In 
contrast to other studies that modelled noncompliance as a constant rate (e.g., Gigliotti and 
Taylor 1990, Post et al. 2003), I found that noncompliance generally only affected the 
biological outcome, in terms of recruitment overfishing, of the most intrinsically vulnerable 
LHTs, and only when levels of hooking mortality were low (< 25%).  It was only under these 
circumstances that catch rates were sufficiently low to produce a strong depensatory effect in 
noncompliance (i.e., levels of noncompliance > 5%). It was also only under these 
circumstances that other sources of mortality – harvest and hooking mortality – were 
sufficiently low that the population was not already recruitment overfished even when 




can be disregarded, the intermediate range of MSLs at which consideration of noncompliance 
can be critical is generally the range of MSLs utilized in recreational fisheries. This is 
particularly important if input regulations are not feasible such as would occur in open-access 
fisheries. Furthermore, Paper IV indicates that ignoring the presence of cryptic mortality 
when deriving optimal regulations results in recruitment overfishing of all but the most 
resilient LHTs by most angler types, and in the case of the intrinsically vulnerable LHTs, 
even when hooking mortality rates were at levels commonly reported in the literature (e.g., 
means of 18% and 15.9% across studies, Bartholomew and Bohnsack 2005, Hühn and 
Arlinghaus 2011, respectively). This has important implications, particularly for species-at-
risk, suggesting that efforts should be directed towards gaining accurate estimates of cryptic 
mortality for species whose life-history characteristics make them particularly vulnerable to 
overfishing. 
4.3.2 Social sustainability 
Cryptic mortality also had important implications for the social sustainability of recreational 
fisheries. In Paper IV, I found that cryptic mortality broadly contributes to the erosion of the 
social welfare derived from most recreational fisheries, something that to my knowledge has 
not been evaluated in other studies. It should be pointed out however, that LHT and 
composition of the angler population were important for determining the degree to which 
angler welfare was reduced. Such welfare loss suggests that the welfare benefits associated 
with minimizing cryptic mortality can be large, and thus such actions are in the self-interest 
of anglers. Hence, if maximizing angler satisfaction is a priority of recreational managers, a 
focus should be placed on minimizing hooking mortality through such methods as gear 
restrictions, and education and outreach programs designed to reduce handling stress and 
injury because these actions increase post-release survival in most fish species (Arlinghaus et 
al. 2007, EIFAC 2008, FAO 2012). 
The efficacy of angling regulations for achieving social sustainability will also be influenced 
by management objectives. Management objectives will influence which normative criteria 
(e.g., individual utilities) are considered and how they are weighted and aggregated in the 
social welfare function (also referred to as score function) used to quantify OSY (Fenichel et 
al. 2013b). It is assumed that any concerns about equity are accounted for in the aggregation 
method (Perman et al. 2003). However, maximizing social welfare does not necessarily result 




al. 2013b), as I found in Papers II & III. Furthermore, there is no universal consensus on 
which normative criteria to use and how to weight and aggregate them (Perman et al. 2003, 
Fenichel et al. 2013b).  Thus, the outcomes of three alternative management objectives were 
investigated in both Paper II and Paper V. Paper II demonstrates that different management 
objectives for mixed angler populations, ranging from a utilitarian objective that maximizes 
angler participation and overall satisfaction (both of which are potential objectives for 
recreational fisheries, Bennett et al. 1978), to a more equitable utilitarian objective that 
weights angler utility equally (because a more equitable distribution of resources may be 
desired, Loomis and Ditton 1993), to a Rawlsian objective that maximizes the participation 
and satisfaction of the least-satisfied group (Perman et al. 2003), result in different 
predictions about optimal regulations. The more equitable management objectives resulted in 
more restrictive optimal regulations but also attracted a more diverse composition of anglers 
to the fishery (Paper II).  
Paper V used a different approach. Rather than explicitly weighting the interests of different 
angler types, it weighed the value of harvest and trophy catch differently to produce three 
score functions – one that emphasized harvest, one that emphasized trophy catch, and a 
compromise function that weighted harvest and trophy catch equally.  Paper V demonstrated, 
for both HSLs (harvest-slot limits) and MSLs, that more liberal regulations achieved harvest-
dominated objectives, more conservative regulations achieved trophy catch-dominated 
objectives, and the regulations achieving compromise objectives were intermediate. Perhaps a 
more interesting result from Paper V is that regardless of the management objective, optimal 
HSLs provided both greater harvest and trophy catch when compared to optimal MSLs.  
Furthermore, optimal HSLs generally resulted in less recruitment overfishing, caused less 
size truncation, and were less deleteriously affected by hooking mortality. It should be noted 
however these benefits came at the cost of fishery yield and the size of fish harvested. If 
harvest and trophy catch are important contributors of angler utility, results from Paper V 
imply that HSLs may in fact provide greater social welfare to the angling community than 
MSLs, although this would have to be formally examined. This is an interesting finding, 
given that slot limits which are much less commonly implemented than MSLs (Radomski et 
al. 2001). Perhaps due to the complexity/unfamiliarity of slot limits, noncompliance with 
them is often greater than would be expected with MSLs (Pierce and Tomcko 1998, Sullivan 
2002, Caroffino 2013), a factor that could undermine the previously stated benefits of HSLs 




to ensure that the score function (welfare function) applied closely reflects their management 
objectives, when implementing an OSY approach to recreational-fisheries management, and 
that the appropriate type of regulation is implemented to achieve these objectives. 
5 CONCLUSIONS 
The objective of my doctoral research was to evaluate the importance of jointly considering 
the social, biological, and management components of recreational fisheries for the 
biologically and socially sustainable management of recreational fisheries. While such 
interdisciplinary research has been rare historically, interest in modeling angler behaviour to 
inform recreational fisheries management has increased since I began my doctoral work, and 
my research has been cited as making a key contribution to this area of research (Fenichel et 
al. 2013a). The research presented here is by no means an exhaustive examination of all 
factors affecting recreational fisheries, or even all factors that fall within the components I 
examined. However, the goal of this research was to gain insights into the importance of 
considering and the potential problems with omitting or underrepresenting these components 
for the sustainable management of recreational fisheries, and to spur on future research. 
The questions of who to manage a fishery for and which management objective is appropriate 
are open for debate, and will likely vary from fishery to fishery based on individual 
differences in the social-ecological system.  However, the results of my doctoral research 
demonstrate that interdisciplinary bioeconomic models, such as mine, can be used by 
managers to predict the effects of management actions on different segments of the angler 
community, and to quantify any welfare changes that result. Furthermore, with a basis of 
clear objectives and quantitative descriptions of angler behaviour, managers can make 
transparent and defensible resource allocation decisions which consider the potential 
consequences of management actions on both the fish and angling populations. To this end, 
current monitoring methods need to be modified so that they may better identify and describe 
angler diversity, allowing managers to better understand who is fishing and why. Accounting 
for angler dynamics and angler diversity in fisheries-management models, and appropriately 
tailoring models to the LHT of the target species, will provide more accurate predictions 
about which regulations minimize the biological impacts of angling, maximize angler 
satisfaction, and ideally will identify and minimize conflicts among angling groups. With 
such an integrated understanding I am hopeful that we can progress towards socially and 
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a b s t r a c t
A mandatory total catch-and-release regulation and a bait ban were implemented on Lower Kananaskis
Lake, Canada, due to the drastic decline of the native bull trout (Salvelinus confluentus) population. In
the decade following harvest-regulation changes, the adult bull trout population experienced a 28-fold
increase in abundance. Two roving creel surveys of winter ice-anglers, the first conducted just prior to
the regulation changes (1992) and the second 10 years later (2002), were used to compare catch rates,
the size structure of fish caught, and angler effort before and after the bull trout population rebuilt. Sup-
plementary information from voluntary creel cards (1996–2003) was used to evaluate temporal trends
in summer catch-related fishery attributes as the fish population recovered. Winter catch rates were
three-fold and 12-fold higher in 2002 than in 1992, for all bull trout and large (>50 cm) bull trout, respec-
tively. The proportion of large fish in the catch also increased. Voluntary creel card information suggested
summer catch rates and the frequency of large fish in the catch both increased as the population rebuilt.
However, despite the increase in fishing “quality”, angler numbers were three- to 10-fold lower in 2002
than 1992, indicating reduced utilization of the fishery. We speculate that harvest-oriented anglers were
displaced from Lower Kananaskis Lake because of restrictive regulations. Our study shows anglers are not
necessarily attracted to high-catch-rate fisheries, suggesting angler behaviour is complex and not driven
by catch rates alone. Thus, to meet management objectives, understanding angler effort responses to
regulatory changes is fundamentally important.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
One of the main objectives of recreational fisheries management
is to establish regulations that prevent overexploitation of self-
sustaining fisheries (Radomski et al., 2001; Lewin et al., 2006). Yet,
recreational fisheries managers are also concerned with provid-
ing attractive fishing experiences for the angling public (Radomski
et al., 2001; Cox and Walters, 2002; Peterson and Evans, 2003).
Catch aspects play a paramount role in determining angler satis-
faction (Arlinghaus, 2006; Hutt and Bettoli, 2007; Arlinghaus et al.,
2008a). However, the importance attached to catch-related aspects
(e.g., catch rates, abundance of trophy fish) versus non-catch-
related aspects (e.g., aesthetic appeal, facilities or water quality)
of the fishing experience varies among anglers (Hahn, 1991; Aas
∗ Corresponding author at: Department of Biology and Ecology of Fishes, Leibniz-
Institute of Freshwater Ecology and Inland Fisheries, Müggelseedamm 310, 12587
Berlin, Germany.
E-mail address: johnston@igb-berlin.de (F.D. Johnston).
et al., 2000; Hunt, 2005). This will affect how different types of
anglers perceive and respond to modifications of harvest regu-
lations. For example, the implementation of restrictive harvest
regulations has been found to reduce fishing effort by some harvest-
oriented anglers (Cox et al., 2002; Beard et al., 2003; Fayram and
Schmalz, 2006), likely because they prefer regulations that do not
constrain fish harvest (Aas et al., 2000). Thus, harvest regulations
(e.g., bag limits, size limits, bait bans) in addition to catch-related
and non-catch-related (e.g., proximity to residence) attributes of
the fishing experience are all important determinants of angler-
effort dynamics (e.g., Cox et al., 2002; Beard et al., 2003). However,
behavioural responses of recreational anglers to regulation changes
are rarely studied (Metcalf et al., 2010), despite their implications
for management (Metcalf et al., 2010; Johnston et al., 2010).
In overexploited populations, one regulatory option for
controlling angling mortality is to establish mandatory total
catch-and-release regulations. It is argued that allowing such zero-
harvest fishing on declining or threatened populations reduces the
impacts on the fish stock, while preserving the angling experi-
ence and its associated social and economic benefits (Arlinghaus
0165-7836/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.fishres.2011.04.006
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et al., 2007). However, catch-and-release inevitably results in some
unintended hooking mortality (i.e., all forms of non-harvest-related
fishing mortality), and sub-lethal impacts that potentially affect fit-
ness (Arlinghaus et al., 2007), although additional regulations such
as bait bans may help reduce rates of hooking mortality or injury
(Arlinghaus et al., 2008b). Nevertheless, if angling effort or hooking
mortality is high enough, zero-harvest policies can still result in
undesirable cumulative impacts that accelerate population decline
or limit the rate of, or potential for, population recovery (Post et al.,
2003; Bartholomew and Bohnsack, 2005; Coggins et al., 2007). Such
cumulative impacts are most likely to occur in fish populations with
life-history characteristics that make them particularly vulnerable
to overexploitation (e.g., slow-growing, late-maturing, high catch-
ability), such as bull trout (Salvelinus confluentus) (Post et al., 2003).
Furthermore, any increases in stock size that result from regu-
lation changes may be countered by corresponding increases in
fishing effort, yielding a “success breeds failure pathology” (Cox and
Walters, 2002). Alternatively, as suggested above, the implemen-
tation of bait bans or zero-harvest regulations may be unattractive
to some anglers who prefer to use organic bait and keep fish, which
in turn may reduce angler effort (e.g., Beard et al., 2003). How-
ever, given the lack of dedicated studies on angler-effort dynamics,
no general predictions about angler responses to changes in reg-
ulatory policies and associated fishery attributes (e.g., catch rates,
size of catch) are possible. Furthermore, because such responses
are probably highly dependent on the specific qualities offered by
target species (e.g., consumptive value), substitute-species avail-
ability, and local angler customs and culture (Dorow et al., 2010),
species- and regional-specific studies on angler-effort dynamics are
likely required.
Fishing regulations for bull trout throughout their native range
have become increasingly restrictive and widely implemented over
the past three decades (e.g., High et al., 2008; Rodtka, 2009), due
to concerns about the species’ decline in both abundance and
spatial distribution (Rodtka, 2009). The bull trout population in
Lower Kananaskis Lake, Alberta, Canada, was no exception, as it
declined severely from the mid-1950s to the early 1990s, primar-
ily due to overharvest by anglers (Stelfox, 1997). To mitigate bull
trout declines in Lower Kananaskis Lake, a total catch-and-release
regulation and a bait ban were implemented in 1992. A popula-
tion time-series, derived from a monitoring study of tagged adult
spawners, indicated these regulation changes facilitated the rapid
recovery (28-fold increase in adult abundance) of the bull trout
population over the next decade (1992–2002) (Johnston et al.,
2007). Information from this time-series suggested that the max-
imum possible annual mortality rate for adult bull trout declined
from 48% for the 1991–1992 period (autumn to autumn the next
year), the year in which the regulation change occurred, to 5%
for the 1992–1993 period, the year after the harvest-regulation
changes (Stelfox, 1997). Given the positive response of the bull trout
population to the implementation of restrictive regulations, it is
inferred that the recovery of the bull trout population was strongly
related to a reduction in fishing mortality.
The objective of our study was to determine the corresponding
changes that occurred in the fishery as the bull trout population
in Lower Kananaskis Lake rebuilt from its severely overexploited
state. It is often assumed that angler catch rates are positively
related to fish abundance (e.g., Beard et al., 2003; Cox et al., 2003;
Post et al., 2003), but this is often not validated. The bull trout fish-
ery on Lower Kananaskis Lake provided an opportunity to evaluate
how regulation changes influenced catch-related fishery quality
and angler behaviour, because information was available from
two winter creel surveys – one conducted just prior to regulation
changes in 1992 and one conducted a decade later in 2002, after the
bull trout population had rebuilt. Furthermore, angler catch data for
the summer months was also available from voluntary creel cards
Fig. 1. Angler access points on Lower Kananaskis Lake, Alberta, Canada.
(1996–2003). These data provided information on temporal trends
in anglers’ catches, allowing us to assess if catch-related fishery
quality consistently changed as the bull trout population rebuilt.
Using these data, we investigated the following questions; (i) did
the catch-related attributes of the fishery change as the bull trout
population recovered? and (ii), how did angler utilization of the
fishery change in response to any corresponding changes in catch-
related fishery quality? It was expected that as stock abundance
levels increased that catch rates and the size of bull trout caught
would also increase, and that this increase in catch-related fishery
quality would attract greater angler use.
2. Materials and methods
2.1. Study area
The study area, Lower Kananaskis Lake, is a 646 ha hydroelectric
reservoir located in Peter Lougheed Provincial park, Alberta, Canada
(50◦38′59′′N–115◦7′59′′W; Fig. 1). It is usually ice covered from
early December until early May (Stelfox, 1997). The recreationally
valuable fish in the lake include native bull trout, native westslope
cutthroat trout (Oncorhynchus clarkii lewisi), and nonnative rain-
bow trout (Oncorhynchus mykiss). Upper Kananaskis Lake (Fig. 1)
– located 1 km upstream of Lower Kananaskis Lake – only con-
tained rainbow trout and cutthroat trout until 2001, when bull trout
46
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were stocked. Rainbow trout, were regularly stocked into Lower
Kananaskis Lake from 1959 to 1988 (Stelfox, 1997), but this was
discontinued during the 1990s to facilitate the recovery of the bull
trout population by reducing fishing pressure. In Upper Kananaskis
Lake, rainbow trout not only continued to be stocked after 1988, but
also from 1992 until 2002 the stocked rainbow trout were larger,
catchable-sized fish, rather than the smaller rainbow trout stocked
prior to 1992. However, any downstream movement of fish via the
turbine of the Interlakes dam (Fig. 1) is limited (Stelfox, 1997).
Province-wide prior to 1992, anglers were able to harvest two
bull trout per day over 40-cm. However, due to the substantial
decline of bull trout in Lower Kananaskis Lake, special angling reg-
ulations were implemented for this lake on 1 April 1992 (Stelfox,
1997). The northwest bay of the lake and the spawning creek –
Smith-Dorrien Creek – were permanently closed to fishing (Fig. 1).
On the rest of the lake, a ban on organic bait and a total catch-and-
release regulation for bull trout were implemented. In 1995, the
zero-harvest regulation for bull trout was implemented province-
wide. For all other trout species in the Upper and Lower Kananaskis
Lakes, the regulations during the study period were five fish per day
of any size.
2.2. Angler surveys
To determine if the catch-related fishery attributes increased as
the bull trout population recovered, we compared how winter catch
rates and the size distribution of the catch differed between the two
winter creel surveys, pre and post overexploitation. We also used
voluntary creel card data to determine if summer catch rates and
the size distribution of the catch were related to the bull trout popu-
lation’s recovery from a severely overexploited state. To determine
if angler utilization of the fishery changed with changes in catch-
related fishery quality, we examined angler effort differences pre
and post regulation change using the winter creel data.
2.2.1. Winter roving creel surveys
The first roving creel survey was conducted between Decem-
ber 1991 and March 1992, and the second between January 2002
and mid-June 2002. Here, only data from the months of January
to March were used to have equivalent periods for comparison.
Sampling was stratified according to day type, weekend days (and
holidays) and weekdays, to reduce the variance associated with
survey estimates (Pollock et al., 1994). More weekend days were
surveyed (72%) than weekdays (19%), because weekends were
expected to have the highest angling activity (Malvestuto, 1996)
(Table 1). An attempt was made to sample one to two days during
the work week and most weekends.
During the creel survey, the two main access points for ice
anglers on Lower Kananaskis Lake – Canyon and Panorama day-use
areas (Fig. 1) – were patrolled. The few anglers that accessed the
lake from other points were visible from these locations and were
also surveyed. Angler counts were made on arrival at a location and
all anglers were surveyed. Because total counts required less than
an hour to complete, they were treated as instantaneous counts as
outlined in Pollock et al. (1994). In 1992, one survey was conducted
per survey day by Fish and Wildlife officers (subject to their avail-
ability), except on 12 and 18 January, when officers were present
the entire day. In 2002, the lake was surveyed twice per day (a.m.
between 09:30 and 13:00, mean 11:00; and p.m. between 13:30
and 17:00, mean 15:30). Because so few anglers were present in
2002, we could also identify groups that were present during both
the morning and afternoon counts (i.e., identify repeat contacts)
to obtain an estimate of total daily angler number. In both years,
anglers provided the hours they had fished (incomplete trips), and
the number and size of fish caught and released during this period
(based on 10-cm size categories). In 2002, information was only
collected on the angling group level, not for individual anglers (as
was done in 1992). Thus, group information (e.g., catch rate = total
group catch/total group effort) from 1992 and 2002 was used in all
calculations.
2.2.2. Voluntary creel cards
In addition to the two roving creel surveys, on 24 July 1995,
two voluntary creel survey boxes were installed around Lower
Kananaskis Lake, at the Panorama and Canyon day-use areas (Fig. 1).
On 28 June 1996, a third creel survey box was installed at the
Peninsula day-use area, and all three have been maintained since
that time. Creel cards were filled in voluntarily, and provided
angler information on hours fished (completed trips), number of
fish caught by species, and size distribution (based on 10-cm size
categories) of the catch. However, sample sizes from the win-
ter months were generally small (often <5 cards). Therefore, only
voluntary creel card information from May to July for the years
1996–2003 was used (sample size = 45, 50, 148, 52, 78, 39, 59,
and 59, for 1996, 1997, 1998, 1999, 2000, 2001, 2002, and 2003,
respectively), because these months represent the ice-free period
prior to when bull trout begin their fall spawning migration out of
Lower Kananaskis Lake into Smith-Dorrien Creek in August (Stelfox,
1997). Data from 1995 were excluded because the creel boxes were
only installed at the end of July. Voluntary returns are subject to
biases (Pollock et al., 1994), but we assume a systematic bias such
that temporal analyses seem warranted.
2.3. Analyses
The following data were available for our analyses: (i) two point
estimates of winter (January to March) catch rates, size distribution
of the catch, and effort, pre and post recovery, from the winter creel
surveys, (ii) a time-series of summer (May to July) catch rates and
size distribution of the catch from the voluntary creel cards, and
(iii) a fishery-independent time-series of adult bull trout abundance
estimates from a monitoring study of tagged bull trout spawners
(see Johnston et al., 2007).
2.3.1. Winter effort and catch rates
Angler-count data were used to determine how angler use of
Lower Kananaskis Lake differed between 1992 and 2002. Daily
angler number was estimated from the single count from 1992 and
the average of the two angler counts from 2002. Daily estimates,
including survey days when no anglers were present, were then
used to calculate mean daily angler number for each year and day-
type strata separately. For comparative purposes, mean daily angler
number was also calculated using daily estimates of total angler
number from 2002 (i.e., accounting for angler groups encountered
in both the morning and afternoon) rather than the average of the
two instantaneous counts (see Section 4.1).
To determine if catch rates between 1992 and 2002 differed, we
compared mean catch rates C̄ calculated using the mean-of-ratios
method, which is appropriate for incomplete trip data in roving















where N is the number of days sampled, C̄i is the average group
catch-per-unit-effort from all groups fishing on a given day i, ni is
the number of groups sampled on a given day i, Cij is the number
of fish caught by group j on day i, and Eij is the number of hours
fished by group j on day i. Mean catch rates for all trout species,
bull trout, and adult (>50 cm) bull trout were calculated for each
year and day-type strata. We assumed that fish >50 cm were adults,
47
192 F.D. Johnston et al. / Fisheries Research 110 (2011) 189–197
Table 1
Summary of angler survey dates on Lower Kananaskis Lake. Values in parentheses indicate the number of days anglers were present.
Year Day type Month Total Total possible
January February March
1992 Weekend 7 6 2 15 (13) 28
Weekday 3 4 1 8 (8) 63
2002 Weekend 8 8 10 26 (16) 29
Weekday 8 4 3 15 (2) 61
Total 26 22 16 64 (39)
Total possible 62 57 62 181
which is warranted for Lower Kananaskis Lake bull trout (Johnston
and Post, 2009). Catch rates of all trout species were calculated,
because of their potential influence on angler effort if anglers were
targeting all trout species rather than bull trout alone. In winter
catch rate calculations, we only included days when anglers fished,
and excluded angler groups which fished <0.5 h, as recommended
by Pollock et al. (1994). Catch data were highly skewed and zero
inflated, which is common (Jones et al., 1995; Hoyle and Cameron,
2003), as were the number of anglers fishing per day. For this rea-
son, 95% confidence intervals around the means were calculated
using a non-parametric bootstrapping technique with 10,000 iter-
ations. The bootstrap-t method (“bootstrap” R 2.11.0) was used
because it has been found to be the least biased when estimating
catch rates from recreational fishing surveys (Hoyle and Cameron,
2003).
To determine if mean daily angler numbers and mean catch rates
differed between the years, two-sample randomization tests were
used. Randomization tests are suitable for analyzing non-normal
data which violate assumptions of standard parametric tests or, in
the case of many tied values, make non-parametric tests less suit-
able (Manly, 1997). Data from both 1992 and 2002 were randomly
assigning a year in proportion to the sample size from each year.
This was done 10,000 times. For each iteration, mean daily angler
number or mean catch rate was calculated for both years and the
difference between the means was estimated. The proportion of
iterations in which means differed by greater than (or less than) the
difference in means from the original data determined the proba-
bility that the original difference in means was due to chance alone
(Manly, 1997).
2.3.2. Summer catch rates
Mean catch rates from voluntary creel information were cal-
culated using a ratio-of-means method, which is appropriate for












Mean catch rates were calculated for bull trout and adult (>50 cm)
bull trout. To determine if summer catch rates increased with adult
bull trout density V, catch rate was modeled as a nonlinear function
of adult bull trout density,
C̄ = ˛Vˇ, (3)
using a linear regression fit to log-transformed data, as outlined in
Hansen et al. (2000). ˇ represents the degree of curvature, and if
different from one suggests that catchability (the proportion of fish
caught per unit fishing effort) is density dependent, while ˛ esti-
mates catchability when there is no density dependence (Hansen
et al., 2000). Adult bull trout density estimates, independent from
the angler surveys, were obtained from a study conducted from
1991 to 2002 that monitored tagged bull trout spawners (Johnston
et al., 2007). Data from 2003 were excluded from this analysis
because no adult bull trout abundance estimate was available.
2.3.3. Size distribution of the catch
To determine if the size distribution of fish caught during the
winter creel survey differed across the five size classes (20–30 cm,
30–40 cm, 40–50 cm, 50–60 cm, >60 cm) between 1992 and 2002,
Fisher’s exact test was used (“fisher.test” R 2.11.0) because of the
low expected frequency of some of the size classes (Crawley, 2007).
Five post hoc tests of equal proportions were used to examine
which size classes differed between years (“prop.test” R 2.11.0).
p-values were adjusted for multiple comparisons using the Holm
method (Holm, 1979).
Voluntary creel information on the size distribution of the catch
was also examined for temporal trends over the period from 1996
to 2003. A generalized linear model (“glm” R 2.11.0) was used to
determine if year or adult bull trout density affected the propor-
tion of bull trout >50 cm in the catch. A quasibinomial distribution
rather than a binomial distribution was used in the model because
of overdispersion of the data (Crawley, 2007). Data from 2003 were
included in the analysis of temporal trends, but excluded from the
analysis of density trends because abundance estimates were not
available for 2003.
All analyses were implemented in R 2.11.0 (R Development Core
Team, 2010), and tests with p < 0.05 were considered significant.
3. Results
3.1. Winter catch rates
Compared to 1992, mean winter catch rates of bull trout were
significantly higher (three- and nine-fold higher, randomization
test, one-tailed: p = 0.0018 and p = 0.0223, for weekends/holidays
and weekdays, respectively; Fig. 2) in 2002, as were mean win-
ter catch rates of bull trout >50 cm (18- and 12-fold higher,
randomization test, one-tailed: p = 0.0017 and p = 0.0218, for week-
ends/holidays and weekdays, respectively; Fig. 2). In 1992, 71%
(27/38) of the bull trout caught were harvested, whereas in
2002, none of the 127 bull trout caught were harvested (assum-
ing full compliance with regulations). Four rainbow trout were
caught on weekends in 1992, but weekend winter catch rates
including all trout species and bull trout alone did not differ sig-
nificantly between 1992 and 2002 (randomization test, two-tailed:
p = 0.9947). No non-bull-trout species were caught in 2002, or on
weekdays in 1992.
3.2. Summer catch rates
Mean summer catch rates of bull trout C̄ and adult (>50 cm)
bull trout C̄>50 obtained from the voluntary creel cards increased
with increased adult bull trout density (from Johnston et al. 2007)
(R2 = 0.70, p = 0.0183 and R2 = 0.73, p = 0.0141 for all bull trout and
adult bull trout, respectively; Fig. 3). As adult bull trout density
increased 2.3-fold from 1996 to 2000, summer catch rates increased
by 3.1 and 2.9 times for all bull trout and bull trout >50 cm,
respectively (Fig. 3). Catch rates were linearly related to adult bull
trout density, C̄ = 0.192 V and C̄>50 = 0.105 V, because ˇ was not
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Fig. 2. The catch-per-unit-effort (CPUE) of bull trout of all sizes (black symbols)
and bull trout >50 cm (gray symbols) during the winter creel surveys in 1992 and
2002, stratified by day type (weekday or weekend/holiday). Error bars represent
95% confidence intervals estimated using the bootstrap-t method, except in 2002
weekdays due low sample size (2 days). Sample sizes are reported in Table 1.
significantly different from one (p = 0.7388 and p = 0.5092 for all bull
trout and bull trout >50 cm, respectively), i.e., catchability was not
found to be density dependent.
3.3. Winter and summer catch size distribution
Size structure of the bull trout caught by anglers differed signif-
icantly between the 1992 and 2002 winter creel surveys (Fisher’s
exact test: two-tailed p = 2.94 × 10−7; Fig. 4). The proportions of
small bull trout in the 30–40 cm and 40–50 cm size classes were sig-
nificantly greater in 1992 than 2002, and the proportion of large fish
in the >60 cm size class was significantly greater in 2002 than 1992
(test of equal proportions: padj = 0.1581, padj = 0.0067, padj = 0.0067,
padj = 0.1581, padj = 0.0059, for the 20–30 cm, 30–40 cm, 40–50 cm,
Fig. 3. Mean summer (May to July) catch-per-unit-effort (CPUE) of all bull trout and
bull trout >50 cm obtained from voluntary creel cards (sample days = 32, 28, 38, 37,
41, 17, 22, and 26, for 1996, 1997, 1998, 1999, 2000, 2001, 2002, 2003, respectively)
and adult bull trout density from Johnston et al. (2007). Error bars represent 95%
confidence intervals estimated using the bootstrap-t method.
Fig. 4. The size structure of the bull trout, as determined by relative frequency,
caught by angling during the winter creel surveys in 1992 (38 fish) and 2002 (127
fish). The stars indicate which proportions were significantly different (˛ = 0.05)
based on post hoc tests of equal proportions.
50–60 cm, and >60 cm size classes, respectively; Fig. 4). In 1992,
82% of the bull trout caught (31/38) were over the legal size limit
of 40 cm, and 87% (27/31) of these legal-sized bull trout were har-
vested. Information obtained from the voluntary creel cards on the
size of bull trout caught (530 fish, 1996–2003) also demonstrated
a significant increase in the proportion of adult (>50 cm) fish in the
catch over time (i.e., with year, GLM: two-tailed p = 0.0266; Fig. 5);
however this increase was not significantly related to adult bull
trout density (GLM: two-tailed p = 0.269).
3.4. Angler effort
Despite the higher mean catch rates and larger size of bull
trout caught in 2002 relative to 1992, significantly fewer anglers
(10- to 32-fold less, randomization test, two-tailed: p ≤ 0.0001
and p ≤ 0.0001 for weekends/holidays and weekdays, respectively;
Table 2) were present on a given day in 2002 than in 1992
Fig. 5. The relative frequency of bull trout >50 cm caught by summer angling from
1996 to 2003 according to information from voluntary creel cards (sample size = 45,
50, 148, 52, 78, 39, 59, and 59 fish, for 1996, 1997, 1998, 1999, 2000, 2001, 2002,
and 2003, respectively).
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Table 2
Mean daily angler number present during the winter creel surveys in 1992 and 2002.
Values for 2002 were calculated in two ways; using the mean of the two counts of
angler number from each day, and using the estimate of total anglers present on
each day. Sample sizes are total values reported in Table 1 Values in parentheses
represent the 95% confidence intervals estimated using the bootstrap-t method.
Year Day type
Weekend Weekday
1992 6.5 (3.7, 9.8) 3.3 (2.3, 4.0)
2002 – mean of two counts 0.7 (0.5, 0.9) 0.1 (0.0, 0.3)
2002 – total anglers present 2.3 (1.2, 4.0) 0.4 (0.0, 1.1)
(123 anglers and 67 anglers were surveyed in 1992 and 2002,
respectively). The same trends were found for total daily angler
number from 2002 (i.e., when we account for anglers present in
the morning and afternoon in 2002), when three- to eight-fold more
anglers were present in 1992 relative to 2002; (randomization test,
two-tailed: p = 0.0037 and p = 0.0004 for weekends/holidays and
weekdays, respectively; Table 2).
4. Discussion
With the implementation of a total catch-and-release regulation
and organic bait ban, the bull trout population in Lower Kananaskis
Lake recovered from its previously overexploited state, exhibit-
ing a 28-fold increase in adult abundance over the period of a
decade (1992–2002) (Johnston et al., 2007). Our study examined
how the catch-related quality of the fishery and the number of
anglers it attracted changed with the substantial recovery of the
bull trout population. Results from our study revealed that catch-
related fishery quality (catch rate and size of bull trout caught)
increased as the fish population rebuilt, yet angler utilization of
the fishery decreased substantially. Our findings suggest that the
attractiveness of the fishery declined, likely because catch rates did
not constitute the sole determinant of fishery quality. Instead, it
is likely that anglers fishing in Lower Kananaskis Lake during the
1992 winter fishery valued fish harvest, thus in 2002 the restrictive
harvest regulations resulted in reduced use by these anglers.
Comparison of two winter creel surveys, the first carried out in
1992 just prior to regulation changes and the second conducted
a decade later (2002), demonstrated that winter catch rates were
higher – at least three-fold for all bull trout and at least 12-fold
for adult (>50 cm) bull trout – after population recovery. In addi-
tion, summer catch rates of bull trout from voluntary creel cards
(1996–2003) were found to increase with fish density. It is often
assumed that there is a positive relationship between catch rates
and fish abundance (e.g., Beard et al., 2003; Cox et al., 2003; Post
et al., 2003), and our results validate this assumption for bull trout.
Although not directly comparable, in combination our results sug-
gest that angler catch rates can increase substantially after the
implementation of restrictive harvest regulations. Furthermore,
the temporal increase in summer catch rates suggests that cues
of improving catch rates were consistently signaled to summer
anglers, which is important as previous experiences likely influence
anglers’ fishing decisions (Adamowicz, 1994).
Not only catch rates but also the size of bull trout caught
increased with the bull trout population’s recovery. Indeed, the
fraction of large, trophy-sized (e.g., >60 cm) bull trout in the winter
catch was substantially higher in 2002 than 1992, demonstrating
the degree to which the population was truncated by harvest prior
to regulation changes. Temporal increases in the proportion of bull
trout >50 cm in the summer catch were also found, as the size
structure of the population rebuilt. Evidence for strong size trunca-
tion of the population is not a surprising result, given that anglers
harvested 91% of legal-sized (≥40 cm) bull trout that were caught
during the 1991–1992 winter fishery (Stelfox, 1995). Indeed, max-
imum annual mortality of adult bull trout from 1991 to 1992 was
48%, most of which was likely due to angler harvest during the
winter ice-fishing season (Stelfox, 1997). Thus, similar to other
recreational fisheries (see review in Lewin et al., 2006), exploita-
tion rates of bull trout in Lower Kananaskis Lake were substantial,
and the annual exploitation rate would likely have been higher for
the 1991–1992 period had the zero-harvest regulation not been
implemented on 1 April 1992 (Stelfox, 1997).
Given that both catch rate and fish size are important determi-
nants of anglers’ fishing participation decisions (Aas et al., 2000;
Hunt, 2005), increases in these catch-related attributes are often
expected to attract effort to a fishery (Cox and Walters, 2002;
Post et al., 2003). Indeed, this was reported in several empiri-
cal studies (e.g., Anderson and Nehring, 1984; Novinger, 1987;
Cornelius and Margenau, 1999; Newman and Hoff, 2000). However,
other studies have found that total catch-and-release regulations
or more stringent size or daily bag limits may result in reduced
angler effort despite similar or increased catch rates (e.g., Muoneke,
1994; Almodóvar and Nicola, 1998; Boxrucker, 2002; Hurley and
Jackson, 2002; Parker et al., 2007). Similarly, restrictive fly-only
regulations that prohibited the use of organic bait were also been
found to reduce angling pressure on a trout stream (Shetter and
Alexander, 1962). On Lower Kananaskis Lake, we observed a sig-
nificant decrease in angler use (minimum three- to 10-fold lower
in 2002 than 1992) after the implementation of total catch-and-
release regulations and the bait ban, despite the elevated catch
rates (three-fold higher in 2002 than 1992), and the increased dom-
inance of large fish in the catch. This finding clearly illustrates that
factors other than catch-related attributes alone are important for
determining angler effort.
Reasons for reduced angler effort despite increases in catch rates
and the capture of large fish likely relates to what attributes anglers
jointly consider when assessing the quality of a fishery. Indeed,
earlier research has emphasized that angler effort responses are
determined by multiple catch and non-catch related factors, includ-
ing angling regulations (Aas et al., 2000; Oh et al., 2005; Hunt, 2005),
and are not simply linked to fishing successes alone (Johnson and
Carpenter, 1994; Hunt, 2005; Post et al., 2008; Johnston et al., 2010;
Hunt et al., in press). In particular, harvest regulations may alter the
attractiveness of a fishery if they are perceived to constrain anglers’
opportunities to harvest fish (Radomski and Goeman, 1996; Dorr
et al., 2002; Cox et al., 2002), or if they alter anglers’ expectations
about the fishery (Fayram et al., 2006; Cook et al., 2001; Beard
et al., 2003). For example, Beard et al. (2003) found that, despite
having higher catch rates, walleye (Sander vitreus) anglers fished
less on lakes with lower bag limits because anglers assumed that
lower bag limits indicated poor quality fisheries. In the case of
Lower Kananaskis Lake, it is hypothesized that the significantly
lower angler effort in 2002 than 1992 was due, in part, to some
anglers choosing not to fish on this lake in 2002 because the zero-
harvest regulation and bait ban limited their ability to harvest fish.
Thus, equating catch rates alone with fishery “quality” and in turn
angler-effort responses, as has sometimes been assumed in fish-
eries models (e.g., Cox et al., 2003; Post et al., 2003), might be
overly simplistic, and could result in misleading predictions about
the numerical response of anglers to regulatory or other changes
in the fishery (Johnston et al., 2010; Hunt et al., in press). However,
by altering angler behaviour independent of catch (Beard et al.,
2003; Fayram et al., 2006), stringent harvest regulations may also
indirectly control harvest (Cox et al., 2002). Thus, while the zero-
harvest regulations directly prohibited bull trout harvest in Lower
Kananaskis Lake, the reduced angler use in response to restrictive
regulations likely also aided the recovery of the bull trout popu-
lation by minimizing cumulative hooking mortality. If the effort
response of the angling public had been different and total angling
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effort had increased over time, it is possible hooking mortality alone
could have been sufficient to impede the recovery of the bull trout
fishery (Post et al., 2003).
Regulation changes on Lower Kananaskis Lake did not deter
all anglers, however, supporting suggestions that not all anglers
will respond in a similar manner to the same angling regulations
(Quinn, 1992; Jacobson, 1996; Aas et al., 2000; Beard et al., 2003).
Numerous studies have shown that some anglers are less harvest-
oriented and more interested in catching trophy-sized fish (Bryan,
1977; Fisher, 1997; Arlinghaus, 2007), and that these anglers often
favour restrictive harvest regulations (Chipman and Helfrich, 1988;
Gigliotti and Peyton, 1993; Hutt and Bettoli, 2007). We thus hypoth-
esize that the anglers that fished on Lower Kananaskis Lake in 2002
were primarily less consumptively oriented anglers who were more
interested in non-harvest aspects of the fishery (e.g., trophy-sized
bull trout) than 1992 anglers. Anecdotal support for this hypothe-
sis originates from conversations with some anglers in 2002, which
revealed their desire to maintain the total catch-and-release regu-
lation or to introduce very limited harvest (pers. obs., F.D. Johnston).
Overall, our results add to the growing number of studies (e.g.,
Beard et al., 2003; Johnson and Carpenter, 1994) which suggest that
understanding the response of the angler population to changes in
regulation is not straight forward, and strongly depends on the pref-
erences of the angling public and the relative frequency of different
angler types in the population (Beard et al., 2003; Johnston et al.,
2010). Human dimensions data is required to better understand the
composition of the regional angler population and how different
angler types in this population will respond to the implementation
of restrictive harvest policies.
4.1. Limitations and alternative hypotheses
We hypothesize that angler numbers decreased, despite
increased catch rates and size of fish caught, primarily because of
an aversion by harvest-oriented anglers to restrictive regulations.
However, we cannot unambiguously demonstrate that the imple-
mentation of a total catch-and-release regulation and bait ban were
solely responsible for the change in angler use on Lower Kananaskis
Lake. Several other factors could confound this simple explanation.
Catch rates of all trout species rather than bull trout alone could
have influenced angler effort. However, this is unlikely the reason
for lower angler numbers in 2002 than 1992, because catch rates
of all trout did not differ among years as few non-bull trout species
were caught in either year. Individual fisheries are imbedded in a
landscape of alternate fisheries (Lester et al., 2003; Carpenter and
Brock, 2004; Post et al., 2008; Hunt et al., in press), and the milieu
of management regulations and stocking practices within the land-
scape may also impact angling effort on a given lake. For example,
changes in management (e.g., stocking practices) on other fish-
eries within the region of interest to Lower Kananaskis Lake anglers
could have contributed to the decline in angler numbers on Lower
Kananaskis Lake, as stocking practices may alter the attractiveness
of a fishery (e.g., Johnson and Carpenter, 1994). Thus, the change to
stocking larger, catchable-sized rainbow trout from 1992 to 2002
in Upper Kananaskis Lake where bait was still permitted, in com-
bination with the discontinued stocking of rainbow trout in Lower
Kananaskis Lake, could have caused some anglers to redirect their
efforts to nearby Upper Kananaskis Lake. Clearly more information
on angler effort across the landscape, and on angler motivations
and behaviour, is required to properly balance all factors involved
in attracting or repelling recreational fishing effort on an individual
fishery.
A second possible explanation for our results is that there was a
regional decline in angler effort from 1992 to 2002. Indeed, there is
evidence that the number of active anglers in Alberta decreased 14%
from 1990 to 2000, and similarly the number of hours anglers spent
ice-fishing in Alberta decreased 24% (Fisheries and Oceans Canada,
1990, 2000). However, these declines were not nearly as substantial
as those observed at Lower Kananaskis Lake. Furthermore, angler
effort on a nearby lake, Lake Minnewanka, increased 6% with a 30%
increase in catch rates from 1991 to 2000, although harvest rates
were similar (Pacas and Hunt, 2004), suggesting that angler effort
in the area did not drop off substantially over the study period.
Thus, regional angling trends are insufficient to explain the strong
declines we observed on Lower Kananaskis Lake.
We also acknowledge some methodological limitations in our
study. In particular, we do not have information on the temporal
dynamics of angler effort throughout the study period. For exam-
ple, angler effort may have declined dramatically immediately after
the regulations were changed in 1992, and has increased since
that time, albeit not to pre-regulation-change levels, as improve-
ments in catch-related aspects of the fishery became known (Fig. 3).
Another limitation was that differences between the two winter
survey methods required that information was compared on the
angler group level rather than the individual angler level for consis-
tency. However, the use of group information is suitable when the
purpose is to determine catch and effort in the fishery rather than
differences among anglers (Pollock et al., 1994). Voluntary catch
cards are also typically biased towards successful anglers (Pollock
et al., 1994), and both surveys relied on angler recall of fish size,
both of which may have biased catch-related results. However, this
is only an issue if the magnitude and direction of the bias differed
among years. A further limitation was that the count timing dur-
ing a day was not randomly selected nor were the days sampled.
For this reason we did not try to predict overall effort and catch
for the fishery. As with any roving creel survey, it is possible more
successful anglers fished longer and thus were more likely inter-
cepted, biasing catch rates high (Pollock et al., 1994). The single
count in 1992 also likely resulted in more anglers being missed than
occurred in 2002. However, accounting for these biases would only
increase the differences we observed between 1992 and 2002, as
angler number would be biased low and catch rates high in 1992
relative to 2002. Furthermore, if we compared the higher estimate
of daily angler number for 2002 – estimated by identifying groups
that fished in both the a.m. and p.m, rather than average daily angler
number – to the 1992 estimate of daily angler number, we still
found angler effort to be significantly higher in 1992 than 2002 (see
results and Table 2). Finally, it should be recognized that the sam-
ple sizes from the angler surveys were small, particularly in terms
of weekday catch rates (<15% of possible weekdays were sampled).
However, over 50% of the possible weekend days were sampled, and
despite small sample sizes we found clear differences. Thus, overall
we are confident that our results are robust despite the mentioned
limitations.
4.2. Conclusions and implications
Our results suggest that the implementation of a total catch-
and-release regulation and a bait ban were successful in improving
the catch-related attributes (i.e., catch rates and size of fish
caught) of the Lower Kananaskis Lake fishery. However, the decline
in angler effort by 90%, suggests regulation changes may have
impacted some anglers’ perceptions about the quality (i.e., reduced
harvest potential) of the Lower Kananaskis Lake fishery, deterring
them from fishing after restrictive regulations were implemented.
Thus, our study shows that it may be overly simplistic to assume
that angler use is directly related to catch-related aspects of a fish-
ery alone (e.g., Cox et al., 2003; Post et al., 2003). If anglers are
interested in using bait and harvesting fish, they may not take
advantage of high catch rates that might result under restrictive
regulations, and may become disgruntled (Sullivan, 2003). Indeed,
despite a trend towards less harvest-oriented angler behaviour and
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voluntary catch-and-release in some fisheries (e.g., Slipke et al.,
1998; Simonson and Hewett, 1999; Mosindy and Duffy, 2007; Allen
et al., 2008; Myers et al., 2008), anglers in Alberta surveyed in 1990
and 1995 rated the reason “to catch fish to eat” 53% higher than
“to catch a trophy fish” in determining their fishing site choice
(Fisheries and Oceans Canada, 1990, 1995; not collected in 2000).
Where dissatisfied anglers, displaced from fisheries with restricted
harvest, might redirect their effort in the fishery landscape will also
likely strongly affect the use and exploitation of alternative fish-
eries in the region (Lester et al., 2003; Carpenter and Brock, 2004;
Parkinson et al., 2004; Hunt et al., in press). For example, many
of the more harvest-oriented anglers from Lower Kananaskis Lake
may have moved to the nearby Upper Kananaskis Lake where har-
vestable, catchable-sized rainbow trout were stocked and no bait
ban was in place. Thus, to manage recreational fisheries in both
a biologically and socially sustainable manner, we need to know
more about how anglers will respond to changes in both catch
(e.g., catch rates, size of catch) and non-catch (e.g., regulations)
attributes of fisheries, and how the responses differ among anglers
in the community. This requires more directed studies on the influ-
ence of fishery attributes, such as regulations, on the temporal and
spatial dynamics of anglers in relation to fishery attributes, and
how responses differ among different types of anglers. Ignoring
angler effort responses can lead to management failures (Johnson
and Carpenter, 1994; Radomski et al., 2001; Beard et al., 2003; Post
et al., 2003; Fayram and Schmalz, 2006; Johnston et al., 2010), and
can have far-reaching impacts on fisheries (Post et al., 2002, 2008;
Hunt et al., in press).
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Diversity and complexity of angler behaviour drive
socially optimal input and output regulations in a
bioeconomic recreational-fisheries model
Fiona D. Johnston, Robert Arlinghaus, and Ulf Dieckmann
Abstract: In many areas of the world, recreational fisheries are not managed sustainably. This might be related to the
omission or oversimplification of angler behaviour and angler heterogeneity in fisheries-management models. We present
an integrated bioeconomic modelling approach to examine how differing assumptions about angler behaviour, angler pref-
erences, and composition of the angler population altered predictions about optimal recreational-fisheries management,
where optimal regulations were determined by maximizing aggregated angler utility. We report four main results derived
for a prototypical northern pike (Esox lucius) fishery. First, accounting for dynamic angler behaviour changed predictions
about optimal angling regulations. Second, optimal input and output regulations varied substantially among different angler
types. Third, the composition of the angler population in terms of angler types was important for determining optimal reg-
ulations. Fourth, the welfare measure used to quantify aggregated utility altered the predicted optimal regulations, high-
lighting the importance of choosing welfare measures that closely reflect management objectives. A further key finding
was that socially optimal angling regulations resulted in biological sustainability of the fish population. Managers can use
the novel integrated modelling framework introduced here to account, quantitatively and transparently, for the diversity
and complexity of angler behaviour when determining regulations that maximize social welfare and ensure biological sus-
tainability.
Résumé : Dans plusieurs régions du monde, les pêches sportives ne sont pas gérées de manière durable. Cela peut être dû
à l’omission ou à la sursimplification du comportement et de l’hétérogénéité des pêcheurs dans les modèles de gestion de
la pêche. Nous présentons une méthodologie de modélisation bioéconomique intégrée pour examiner comment diverses
présuppositions concernant le comportement des pêcheurs, les préférences des pêcheurs et la composition de la population
de pêcheurs altèrent les prédictions concernant la gestion optimale des pêches sportives, lorsque les règlementations opti-
males sont déterminées en maximisant l’utilité globale pour les pêcheurs. Nous présentons quatre résultats principaux issus
d’une pêche prototypique au grand brochet (Esox lucius). Premièrement, tenir compte du comportement dynamique des pê-
cheurs modifie les prédictions sur les réglementations optimales de la pêche. Deuxièmement, les régulations optimales des
apports et des sorties varient considérablement en fonction des divers types de pêcheurs. Troisièmement, la composition de
la population de pêcheurs en ce qui a trait au types de pêcheurs est importante pour déterminer les règlementations optima-
les. Quatrièmement, la mesure de bien public utilisée pour déterminer l’utilité globale change les réglementations optima-
les prédites, ce qui souligne l’importance de choisir des mesures de bien public qui reflètent bien les objectifs de gestion.
Une autre découverte importante est que des règlementations de pêche optimales du point de vue social résultent en des
populations de poissons durables du point vue biologique. Les gestionnaires peuvent utiliser le cadre inédit de modélisation
intégré que nous présentons ici pour tenir compte de façon quantitative et transparente de la diversité et de la complexité
des comportements des pêcheurs lorsqu’ils mettent en place des règlementations qui maximisent le bien public et assurent
la durabilité biologique.
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Introduction
Recreational anglers are the dominant users of most fresh-
water and some coastal fish stocks in industrialized coun-
tries (Arlinghaus and Cooke 2009). Accordingly, managers
are faced with the challenge of balancing the interests of an-
gling groups utilizing fisheries resources with concerns
about the biological sustainability of exploited fish popula-
tions (Radomski et al. 2001; Peterson and Evans 2003; Ar-
linghaus 2006b). The lack of sustainable recreational-
fisheries management in some areas of the world (Post et
al. 2002; Lewin et al. 2006) suggests that current manage-
ment strategies have not always been successful in achieving
this balance. This may be because effectively managing a
fishery requires understanding not only how fish respond to
exploitation but also how anglers alter their fishing behav-
iour in response to social and ecological changes in the fish-
ery; consequently, such behavioural dynamics must be
incorporated into integrated fisheries-management models
(Johnson and Carpenter 1994; Radomski et al. 2001; Post et
al. 2008). In the past, however, recreational-fisheries re-
searchers and managers have focused on the biological di-
mension of recreational fisheries, largely overlooking the
‘‘human dimension’’ (Aas and Ditton 1998; Cox and Walters
2002a; Arlinghaus et al. 2008a). To move forward, it is crit-
ical to quantify and integrate angler preferences and result-
ing behavioural decisions into recreational-fisheries models
designed to determine optimal management policies (Ra-
domski and Goeman 1996; Arlinghaus et al. 2008a).
Optimum social yield (OSY) is one management objec-
tive that can incorporate social and economic aspects into
fisheries-management models and policies (Roedel 1975).
In comparison with the traditional approach of managing
for maximum sustainable yield (MSY) in both commercial
and recreational fisheries (Larkin 1977; Malvestuto and
Hudgins 1996; Hilborn 2007), OSY is better suited to rec-
reational fisheries because it incorporates the sociocultural
benefits a fishery provides that are not measured by yield
alone, such as an angler’s satisfaction resulting from catch-
ing a large fish (Roedel 1975; Malvestuto and Hudgins
1996; Radomski et al. 2001). OSY integrates such social
and economic factors with biological considerations to de-
velop a fisheries-management objective that maximizes the
total utility (alternatively termed benefits or social welfare;
Dorow et al. 2010) that a recreational fishery provides to so-
ciety (Roedel 1975; Malvestuto and Hudgins 1996). Hence,
similar to MSY, management for OSY may provide an un-
ambiguous management objective against which to judge
management developments and successes (Bennett et al.
1978; Barber and Taylor 1990; Radomski et al. 2001).
Despite the general advantages of a socioeconomic objec-
tive such as OSY over MSY for managing recreational fish-
eries, few recreational-fishing models based on utility theory
have been developed to predict the optimal social welfare
generated by different management schemes (e.g., Die et al.
1988; Jacobson 1996; Massey et al. 2006). Furthermore, an-
gler-effort dynamics, if considered at all, have generally
been assumed to be predominantly or exclusively driven by
catch rates or by some other measure of fish abundance
(Johnson and Carpenter 1994; Beard et al. 2003; Post et al.
2003). However, angler behaviour is likely much more com-
plex (Carpenter and Brock 2004; Arlinghaus et al. 2008a). It
is known from social science research on recreational fish-
eries that, in addition to catch rates, a diverse set of social
and biological attributes of a fishery, such as availability of
preferred species, fish size, congestion, facilities, regula-
tions, and the perceived aesthetic value of the fishery, affect
the participation decisions of anglers (reviewed in Hunt
2005). Therefore, angler-effort dynamics driven by catch
rates alone can be unrealistic (Paulrud and Laitila 2004).
Hence, recreational-fisheries models designed to maximize
angler utility should account for complexity in angler behav-
iour by incorporating multi-attribute utility functions that de-
scribe the fishing participation decisions of anglers.
Another important, yet often overlooked, aspect of recrea-
tional fisheries is angler diversity (i.e., heterogeneity in an-
gler behaviour: Anderson 1993; Jacobson 1996; Post et al.
2008). Various types of anglers will differ not only in their
fishing preferences, and therefore in the utility they derive
from fishing (Fisher 1997; Connelly et al. 2001; Arlinghaus
et al. 2008b), but also with respect to their fishing practices
(Bryan 1977; McConnell and Sutinen 1979; Hahn 1991).
Hence, the potential impacts of fishing on fish populations
likely vary with angler type (Dorow et al. 2010). For exam-
ple, in many fisheries, a minority of anglers catches the ma-
jority of fish (Baccante 1995), and this minority typically
encompasses the most avid and specialized angler types
(Dorow et al. 2010). Human dimensions researchers have re-
peatedly highlighted that accounting for angler diversity is
important for sustainable fisheries management (Fisher
1997; Aas et al. 2000; Arlinghaus and Mehner 2003). While
there are some examples of coupled social–ecological mod-
els that link complex angler behaviour and fish population
dynamics (e.g., Cole and Ward 1994; Woodward and Griffin
2003; Massey et al. 2006), to our knowledge, only McCon-
nell and Sutinen (1979) and Anderson (1993) considered
heterogeneity in either angler preferences or angler fishing
practices in a bioeconomic modelling context. In both cases,
the modelling frameworks differed substantially from that
presented here. In particular, these earlier studies did not
use random-utility models to predict angler participation
under different management scenarios, and the complexity
of the biological and angler-behaviour components was
much more simplified.
The goals of this study were fourfold. First, we present an
integrative bioeconomic modelling approach that links the
ecological, socioeconomic, and management components
driving angler-effort dynamics to a fish population model.
With this model, optimal harvest regulations for various an-
gler types were predicted. Second, we demonstrate the im-
portance of assumptions about angler-effort dynamics in
fisheries management by contrasting predictions from mod-
els that make traditional assumptions of static or exclusively
catch-based dynamic angler behaviour with models that as-
sume more complex, multi-attribute dynamic behaviour. In
this study, complexity in angler behaviour is characterized
by whether angler-effort dynamics rely on a single fishery
attribute to drive angler behaviour or on multiple fishery at-
tributes. Third, by incorporating heterogeneity in angler be-
haviour into a bioeconomic modelling framework by
accounting for the perceived utility a fishery provides to an
angler population, we examined how angler diversity (i.e.,
1508 Can. J. Fish. Aquat. Sci. Vol. 67, 2010
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heterogeneity of angler types) and the composition of the
angler population (in terms of these angler types) influenced
predictions about optimal management strategies. Finally,
we explored how different management objectives, repre-
sented by different measures of social welfare, altered pre-
dicted optimal management regulations. Rather than
simulating a particular fishery, our approach is stylized in
nature and is intended to demonstrate the suitability of an
integrated bioeconomic modelling approach for investigating
coupled angler–fish population dynamics.
Materials and methods
We developed an integrated model in which angler-type-
specific utility derived from both catch- and non-catch-re-
lated attributes of the fishing experience was linked to a de-
terministic age-structured fish population model for a single-
species, single-lake fishery. Our modelling framework had
three components: (i) a management component that de-
scribed the regulations applied to the fishery system, (ii) a
socioeconomic component that described the effort dynam-
ics of different angler types, and (iii) a biological component
that described the fish population dynamics. Angler utility
was used to determine changes in angling effort in the dy-
namic angler-behaviour scenarios and to make predictions
about optimal harvest regulations. The resulting impacts on
the fish population under different management policies
were investigated to determine whether management for so-
cial optima also conserved the fish population (all model
equations are summarized in Table 1 and illustrated in
Fig. 1; model parameters are listed in Tables 2 and 3).
Management component
Traditional harvest-control measures have focused on reg-
ulating the harvest rates of individual anglers to achieve bio-
logical sustainability (Radomski et al. 2001). However, in
open-access systems, which are typical for many recrea-
tional fisheries (Post et al. 2002), output regulations that do
not directly limit angler numbers cannot constrain total fish-
ing mortality (Radomski et al. 2001; Cox and Walters
2002a, 2002b). The failure of traditional output regulations
to preserve some recreationally exploited fish populations
(Post et al. 2002) has led to a call for input regulations that
more directly limit angling effort (Cox and Walters 2002a,
2002b). Therefore, we investigated two types of regulatory
policies over a range of values (Table 2): a traditional output
regulation, expressed in terms of a minimum-size limit, and




Economic utility theory assumes that human agents make
choices that will maximize their personal utility (alterna-
tively termed benefits or satisfaction; Perman et al. 2003).
For example, from a set of potential alternatives, recrea-
tional anglers will choose to fish a fishery that provides
them with the greatest possible utility (Hunt 2005). Multiple
attributes contribute to an individual angler’s utility func-
tion, and the relative importance of fishery attributes (such
as fish size or crowding), called part-worth-utilities, for total
angler utility varies substantially among different angler
types (Aas et al. 2000; Oh et al. 2005a; Oh and Ditton
2006). Choice models based on random-utility theory
(McFadden 1974; Manski 1977) can be calibrated with ac-
tual (revealed) or hypothetical (stated) empirical site-choice
data. Such models constitute one approach that can be used
to predict recreational angler behaviour, which can then be
used to predict and understand how anglers will react to
changes in the attributes of a fishery (Paulrud and Laitila
2004; Massey et al. 2006; Wallmo and Gentner 2008).
Three scenarios of angler behaviour were investigated. In
the first scenario, we simulated static angler behaviour, char-
acterized by anglers that did not respond to changes in a
fishery’s attributes (such as fish size, catch rate, or conges-
tion level) but instead participated at the maximum effort
level allowed. Predictive recreational-fisheries models often
assume constant exploitation rates and ignore angler dynam-
ics when evaluating regulation impacts (e.g., Dunning et al.
1982). The static scenario mimics this situation by keeping
angling effort constant. In our two other scenarios, anglers
were allowed to behave dynamically, i.e., they chose to fish
or not to fish depending on the time-varying utility provided
by the fishery. Utility functions that described the preferen-
ces of a particular angler type for the fishing attributes expe-
rienced were used to simulate angler-type-specific
behavioural decisions. In the second scenario, the utility of
fishing was based on the utility gained from catch rates
alone (Table 1, eq. 1a; Table 3), an approach used in pre-
vious recreational-fishing models (Cox et al. 2003; Post et
al. 2003). In the third scenario, utility was based on a more
realistic multi-attribute utility function (Table 1, eq. 1b; Ta-
ble 3). Attributes included in this utility function were catch
rates, average size of fish caught, maximum size of fish
caught, angler congestion, minimum-size limit regulations,
and license costs, all of which have been shown to affect an-
glers’ decisions about participating in a particular fishery
(Hunt 2005). Although the multi-attribute utility function
was not used to determine angling effort in the static sce-
nario, for comparative purposes, it was used to evaluate the
quality of the fishery at the end of the simulations (Table 1,
eq. 1b; Fig. 1).
Angler-effort dynamics
In our second and third scenarios, anglers responded dy-
namically to their perception of fishery quality by changing
the amount of effort they devoted to the fishery. In these
scenarios, the utility gained from a fishing experience deter-
mined the angler’s probability of choosing to fish over the
alternative of not fishing (Table 1, eq. 2a). This probability
was calculated as is typical in empirical choice models (Oh
et al. 2005b; Massey et al. 2006). The probability of fishing
based on angler utility as well as the maximum time anglers
would fish in a year irrespective of fishing quality were then
used to determine the realized annual effort of anglers (i.e.,
the amount of time they actually fished: Table 1, eqs. 2b–2e;
Fig. 1). To account for the fact that anglers make decisions
based on previous experiences and habits and not exclu-
sively based on their most recent experiences (Adamowicz
et al. 1994), a fishing-behaviour persistence term (Table 2)
was introduced into the effort dynamics (Table 1, eq. 2b).
This term described the relative influence of last year’s real-
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ized fishing probability on the current year’s realized fishing
probability. We assumed that the realized annual angling ef-
fort (Table 1, eq. 2e) was limited by three factors: the real-
ized probability of fishing, the desired maximum effort
according to which an individual angler would fish irrespec-
tive of angling quality (Table 1, eq. 2c), and the input regu-
lation expressed in terms of the number of angling licenses
issued (Table 1, eq. 2d). The instantaneous fishing effort of
a given angler type was assumed to be constant throughout
the fishing season and to equal zero after the fishing season
ended (Table 1, eq. 2f).
Angler heterogeneity
Angler heterogeneity was introduced into our model by
defining three different angler types, generic, consumptive,
and trophy anglers, that differed in their degree of angling
specialization (Bryan 1977; Ditton et al. 1992) (Table 3).
Our parameterization of angler behaviour was based on rec-
reational specialization theory (Bryan 1977; Ditton et al.
1992). Bryan (1977) described four general angler types
ranging from the casually involved to the technique and set-
ting specialist. As specialization levels increase, skill levels
improve, fish size is of greater importance, and harvesting
fish is of lesser importance (Bryan 1977). This can lead to
differing propensities to perform voluntary catch-and-release
(Arlinghaus 2007) and to an increased ability to catch more
and larger fish (Dorow et al. 2010). Angler preferences also
change with specialization: for example, the value of soli-
tude relative to the social aspects of the fishing experience
varies with specialization (Ditton et al. 1992; Connelly et
al. 2001). Based on pioneering work by Bryan (1977) and
subsequent applications and refinements (e.g., Quinn 1992;
Allen and Miranda 1996; Fisher 1997), we devised qualita-
tively realistic angler-type-specific part-worth-utility func-
tions for the various attributes of the fishing experience.
Qualitative differences in preferences and tolerances for dif-
ferent fishery attributes among angler types are illustrated in
Fig. 2 and the resultant utility functions in Fig. 3.
Parameters for three stylized angler types were chosen to
reflect differential skill, consumptive orientation, and overall
dedication to the recreational-fishing experience (Table 3).
Angler types differed in both their fishing practices and their
preferences for various attributes of the fishing experience
(Fig. 2; Table 3). Generic anglers were assumed to be the
least specialized, consumptive anglers were intermediate,
and trophy anglers were the most specialized. By definition,
consumptive anglers had the greatest consumptive orienta-
tion. Accordingly, generic anglers were assumed to (i) be
least likely to participate in angling activities, (ii) be inter-
mediate in their tolerance of restrictive minimum-size limits,
(iii) be the most affected by license costs, (iv) have an inter-
mediate interest in catch rates and be least interested in the
challenge of catching fish, (v) be least interested in average
fish size and be intermediately interested in trophy-sized
Fig. 1. Simplified flow diagram illustrating interactions among the three model components of our bioeconomic modelling approach: the
biological component, the socioeconomic component, and the management component. The model included three angler-behaviour scenar-
ios: (a) static angler behaviour, where anglers fished at the maximal rate, (b) catch-based dynamic angler behaviour, where anglers re-
sponded to the fishery based on catch rates, and (c) multi-attribute dynamic angler behaviour, where anglers responded to the fishery based
on a multi-attribute utility function. Black solid arrows depict influences that apply across all scenarios, while gray arrows apply to the
catch-based scenario only and black broken arrows apply to either the static or multi-attribute scenario, as is also indicated by labels beside
the arrows. Factors in round-cornered boxes dynamically changed throughout model runs, while parameters for factors in square-cornered
boxes were held constant.
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fish, (vi) be most tolerant of angler crowding, (vii) be least
skilled, and (viii) practice some voluntary catch-and-release
of harvestable fish (Table 3). In contrast, consumptive an-
glers were assumed to (i) participate at an intermediate level
in angling activities, (ii) be least tolerant of restrictive mini-
mum-size limits, (iii) be intermediately affected by license
costs, (iv) be most interested in catch rates and intermedi-
ately interested in the challenge of catching fish, (v) be in-
termediately interested in average fish size and least
interested in trophy-sized fish, (vi) be intermediately tolerant
Fig. 2. Qualitative differences in angler preferences for fishery attributes among the three different prototypical angler types (generic, con-
sumptive, and trophy anglers). Gray circles indicate the relative preference levels or tolerance levels (low, intermediate, or high) of angler
types for a particular fishery attribute.
Fig. 3. Part-worth-utility functions describing the preferences of generic (solid line), consumptive (dotted line), trophy (dashed line), and
average (dash-dotted) anglers for various attributes of the fishery.
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of angler crowding, (vii) have intermediate skills, and (viii)
practice no voluntary catch-and-release of harvestable fish
(Table 3). Finally, trophy anglers were assumed to (i) partic-
ipate the most in angling activities, (ii) be most tolerant of
restrictive minimum-size limits, (iii) be least affected by li-
cense costs, (iv) be least interested in catch rates but most
interested in the challenge of catching fish, (v) be most in-
terested in average fish size and trophy-sized fish, (vi) be
least tolerant of angler crowding, (vii) have the greatest
skills, and (viii) practice the most voluntary catch-and-re-
lease of harvestable fish (Table 3). Trophy anglers were
also assumed to target larger fish relative to consumptive
and generic anglers (through the use of different fishing
gear; Rapp et al. 2008) (Table 3). Parameter values and fur-
ther justification for these assumptions are provided in Ta-
ble 3, and the resulting shapes of the angler-type-specific
part-worth-utility functions are illustrated in Fig. 3.
Although these functions might look different for particular
fisheries, we believe that their general features adequately
reflect the angling behaviour and preferences of differently
specialized recreational anglers.
The importance of angler heterogeneity for determining
optimal fishing regulations was examined by first comparing
model results among different homogeneous angler popula-
tions, each composed of a single angler type. However, be-
cause in reality angler populations likely comprise a mixture
of angler types, we also considered a mixed angler popula-
tion composed of all three angler types mentioned above.
As this aspect increases the model complexity and in an at-
tempt to simplify angler descriptions, recreational-fisheries
researchers and managers may wish to simplify angler de-
scriptions by assuming some form of average angler behav-
iour (Hahn 1991; Aas and Ditton 1998). Therefore, to
examine the importance of explicitly accounting for the
composition of the angler population for model predictions
of optimal regulations, we compared model results for an
average angler-type population with those for a correspond-
ing mixed angler population composed of three angler types.
Here, the average angler type was defined by a weighted
average of fishing preferences and fishing practices of the
three angler types according to their relative frequencies in
the mixed angler population (Table 2). Since this is a
weighted average, it depends on the assumptions about the
relative abundance of angler types in the mixed angler pop-
ulation. This does not, however, affect the capacity of this
example to illustrate the implications of the simplifying as-
sumption of an average angler type.
Biological component
Our study aimed to show how the biological and socioe-
conomic and management components of recreational-fish-
ery systems could be linked in an integrated modelling
framework. For brevity, we therefore only describe the es-
sentials of the biological component in terms of growth, re-
production, and survival functions (Tables 1 and 2 provide
further details about equations and parameters).
In short, an age-structured model was used to describe the
fish population being exploited. Individual fish within an
age class were assumed to be ecologically equivalent
(Table 1, eqs. 3a and 3b). The fish population model was
parameterized to be representative of a northern pike (Esox
lucius) population. We chose this species due to its impor-
tance to recreational fisheries in both North America and
Eurasia (Paukert et al. 2001; Arlinghaus and Mehner
2004a). In all scenarios, the fish population reached its dem-
ographic equilibrium prior to the introduction of fishing, and
the results presented correspond to equilibrium conditions
after fishing was introduced (i.e., we investigated long-term
dynamics).
The determination of fishing effort (Table 1, eqs. 2a–2f)
and fish reproduction (Table 1, eqs. 5a–5d) was assumed to
occur on an annual basis at the beginning of each year, and
population and fishery characteristics were updated annu-
ally. However, because recreational fishing is often a size-
selective process (Lewin et al. 2006) occurring throughout
the year, we described fish mortality and the growth in
body size of fish by continuous functions (Table 1, eqs. 4a–
4e). This allowed our model to account for fish to grow into
vulnerable size classes within each year and for the recap-
ture and repeated exposure to hooking mortality of released
individuals throughout the fishing season, both of which are
important aspects of recreational fisheries (Coggins et al.
2007). The resultant ordinary differential equations were
solved numerically using the ODE45 function in Matlab
(version 7.0.1) (The MathWorks Inc., Natick, Massachu-
setts).
Two crucial density-dependent relationships were in-
cluded to allow for compensatory responses of the fish pop-
ulation to exploitation (Lorenzen and Enberg 2002): density-
dependent biphasic growth in body size (Table 1, eqs. 4a–
4d) (Lester et al. 2004; Dunlop et al. 2007) and density-de-
pendent survival from spawning to posthatch of fish of age
0. The latter was represented by a Beverton–Holt type rela-
tionship, which was assumed to apply at the beginning of
each year (Table 1, eq. 5c) (Lorenzen 2008). Fish younger
than 1 year were assumed to experience no further natural
mortality (Table 2) but could experience fishing mortality if
they became large enough. Fish 1 year and older experi-
enced a constant natural mortality rate in addition to size-de-
pendent fishing mortality (Table 2, eq. 7h).
Fishing mortality was assumed to be size dependent in
two ways that quantitatively differed among angler types
(see Table 3 for angler-specific parameters). First, catch
rates were dependent on the size-dependent vulnerability of
fish to the specific fishing gear utilized by each angler type.
Vulnerability to capture therefore differed among age
classes and also changed over the course of the growing sea-
son (Table 1, eqs. 7a and 7b; see Table 3 for parameters).
Catch rates were also dependent on fishing effort and the
skill level of the anglers (Table 1, eq. 7b; see Table 3 for
parameters). Second, harvest of fish was regulated by a min-
imum-size limit (Table 1, eq. 7c). While all fish above the
minimum-size limit were harvestable, a portion of under-
sized fish were also considered harvestable because of non-
compliance with regulations (either through ignorance or
choice; Sullivan 2002). Anglers chose to harvest fish based
on their catch rates mediated by their propensity to voluntar-
ily release fish (Table 1, eq. 7e), which was in turn deter-
mined by the personal limit an angler had on the number of
fish they harvested in a day (see Table 3 for angler-type-
specific parameters). Released fish were assumed to experi-
ence hooking mortality from handling or injuries (Table 1,
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eq. 7f; Table 3) (Arlinghaus et al. 2007, 2008c). Fish under
the minimum-size limit, which were not part of the pool of
illegally harvestable fish, only experienced hooking mortal-
ity (Table 1, eq. 7g).
After fishing was introduced, the fish population was al-
lowed to equilibrate. The spawning-potential ratio was used
to assess the biological impacts of angling exploitation. The
spawning-potential ratio, which has previously been used in
recreational-fishing models (Coggins et al. 2007; Allen et al.
2009), measures reductions in a fish stock’s reproductive
output and can thus serve as an indicator of recruitment
overfishing (Goodyear 1993; Coggins et al. 2007; Allen et
al. 2009). Our model used a weighted spawning-potential ra-
tio (Table 1, equations 5b and 6). Depending on the life his-
tory of a species, values below 0.2–0.3 are considered
critically low (Goodyear 1993) and it is commonly assumed
that spawning-potential ratio should be maintained above
0.35–0.40 to reduce the risk of recruitment failure (Good-
year 1993; Coggins et al. 2007). We used these values to as-
sess the risk of recruitment overfishing under different
management policies.
Social-welfare measures
Social welfare was used to determine optimal regulations.
Social welfare is an aggregation of individual utilities
(Perman et al. 2003) and determines the total socioeconomic
value of a good or service, such as a recreational-fishing ex-
perience, as perceived by anglers (Edwards 1991). A social-
welfare function describes how individual utilities are aggre-
gated based on their social ‘‘worth’’, and it is assumed that
any concerns about equity are accounted for in the aggrega-
tion method (Perman et al. 2003). However, maximizing so-
cial welfare does not necessarily result in an equitable
distribution of resources among individuals, nor is there uni-
versal consensus on what constitutes an appropriate social-
welfare measure or function (Perman et al. 2003). Managers
must therefore carefully decide what social-welfare meas-
ures reflect their management objectives (e.g., maximizing
angler satisfaction and (or) participation).
In most model simulations described below, a utilitarian
social-welfare function was used, referred to as total utility,
in which individual utilities were weighted equally among
angler types. However, in a subset of simulations, three dif-
ferent social-welfare functions, representing different man-
agement objectives, were used to examine how these
differences altered predictions about socially optimal man-
agement regulations. The first welfare measure, total utility,
described the utility gained by an angler type per fishing ex-
perience multiplied by the total annual number of fishing
experiences (measured in terms of angling effort and ex-
pressed in angling days) by that angler type and summed
over all angler types (Table 1, eq. 8a; similar to McConnell
and Sutinen 1979). Total utility reflects the realized demand
for angling experiences. However, total utility may be influ-
enced heavily by individuals with disproportionately large
utility, and a more equitable distribution of resources among
all anglers in the angler population may be desired (Loomis
and Ditton 1993). Thus, a second, more equitable utilitarian
social-welfare function was examined. Here, individual util-
ity from a fishing experience was weighted by the relative
abundance of angler types in the angler population to create
a weighted mean utility for an individual, which was then
multiplied by the aggregate number of angling days (Table 1,
eq. 8b). Finally, we examined a Rawlsian approach to utility
maximization where the utility of the worst-off individual
was maximized, emphasizing the objective of achieving the
most equitable distribution of resources (Perman et al.
2003). Here, the utility from the angler type with the lowest
individual utility was used and multiplied by the aggregate
number of angling days (Table 1, eq. 8c). Naturally, the sec-
ond and third social-welfare measures only differed from the
first measure in the mixed angler population composed of
different angler types.
Outline of analysis
Across a range of minimum-size limits and angling li-
cense numbers, three different angler-behaviour scenarios,
static, catch-based dynamic, and multi-attribute dynamic
scenarios, were considered for five different types of angler
populations: generic, consumptive, trophy, average, and
mixed. Optimal input and output regulations were identified
by maximizing one of three measures of social welfare: total
utility, equitable utilitarian utility, and Rawlsian utility
(Table 1, eqs. 8a–8c). With this approach, we examined the
impacts of dynamic angler behaviour, angler heterogeneity,
and composition of the angler population on socially optimal
regulations and the resulting biological impacts on the fish
population. In most analyses presented, total utility was
used to determine socially optimal management regulations.
However, we also examined the equitable utilitarian utility
and Rawlsian-utility social-welfare measures in the context
of multi-attribute dynamic angler behaviour and mixed an-
gler populations to demonstrate how different management
objectives altered socially optimal management regulations.
We used sensitivity analyses to explore the importance of
different attributes for determining angler behaviour, optimal
regulations, and biological impacts by removing in turn each
attribute from the multi-attribute angler-behaviour scenario.
However, given the hypothetical nature of the constructed
angler types and their part-worth-utility functions (Fig. 3),
we decided it would be imprudent to derive generalized con-
clusions about the relative importance of individual attrib-
utes in determining optimal regulations. Therefore,
sensitivity analyses were not intensified beyond the ap-
proach summarized above.
Results
Impacts of dynamic angler behaviour
A comparison of the three angler-behaviour scenarios
showed substantial differences in predictions of total utility
(left to right in Fig. 4). Optimal minimum-size limits were
predicted to be highest in scenarios with catch-based dy-
namic angler behaviour and were generally lower (and sim-
ilar) for corresponding scenarios with static and multi-
attribute dynamic angler behaviour for angler populations
composed of one angler type (Table 4; Fig. 4). Optimal ef-
fort regulations were lowest in the static scenarios, inter-
mediate in the multi-attribute scenarios, and highest in the
catch-based scenarios (Table 4). In fact, optimal license
numbers in the catch-based scenarios were often more than
two times larger than in the other scenarios. Under predicted
Johnston et al. 1513
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optimal regulations, the number of hours that anglers ac-
tually fished, termed realized angling effort, were identical
in the static and multi-attribute scenarios when the angling
population was composed of one angler type (thus following
the pattern of predictions for optimal minimum-size limits).
In the catch-based scenario, realized effort followed a trend
similar to that of optimal license numbers.
The risk of recruitment overfishing and the biological im-
pacts of recreational angling on the modelled pike popula-
tion were affected by the type of angler behaviour
considered (Fig. 5). Static angler behaviour caused the most
negative impacts on the fish population across the range of
minimum-size limits and license numbers examined com-
pared with the two scenarios in which anglers behaved dy-
namically. This was because realized angling effort in the
static angler-behaviour scenario was fixed at the maximum
level allowed, whereas in the two dynamic scenarios, real-
ized angling effort was less and depended on the utility an-
glers gained from the fishery. When comparing the two
dynamic scenarios, biological impacts of fishing at low to
moderate minimum-size limit levels in the catch-based sce-
nario were generally less severe than in the multi-attribute
scenario, with the latter approaching recruitment overfishing
and fishery collapse at lower license numbers. At high mini-
mum-size limit levels, approaching complete catch-and-re-
lease conditions, the risk of recruitment overfishing was
often greater in the catch-based scenario, although the
spawning-potential ratio never dropped below 0.4, even
when a large number of licenses were issued.
Impacts of angler heterogeneity
Not only angler dynamics but also angler heterogeneity
substantially affected model-predicted optimal input and
output regulations. When the three angler types were com-
pared (first three rows in Fig. 4), optimal minimum-size lim-
its were generally intermediate for generic anglers, low for
consumptive anglers, and high for trophy anglers, with the
latter approaching complete catch-and-release conditions,
except in the catch-based scenario in which complete catch-
and-release regulations were preferred by all angler types
(Fig. 4; Table 4). Optimal effort regulations were found to
be the lowest for consumptive anglers in the static and
multi-attribute scenarios, intermediate for trophy anglers,
and highest for generic anglers. However, in the catch-based
scenario, all angler types preferred a large number of li-
censes, with generic anglers favouring fewer angler licenses
than the other angler types. Under optimal regulations, con-
sumptive anglers were predicted to fish the least, but generic
and trophy anglers invested more (and similar) realized an-
gling efforts in the static and multi-attribute scenarios
(Table 4). However, in the catch-based scenario, consump-
tive anglers invested the most realized angling effort. At
their optimum, trophy anglers, as a homogeneous group, de-
rived the highest utility from fishing, exceeding that of the
Table 4. Predicted optimal regulations and their implications.
Angler population
Scenario Generic Consumptive Trophy Average Mixed
Optimal minimum-size limit (cm)
Static, TU 80 53 99 69 69
Catch-based, TU 104 102 101 106 98
Multi-attribute, TU (EU, RU) 80 53 99 69 93.(69, 63)
Optimal angler-license number
Static, TU 38 27 36 31 36
Catch-based, TU 92 100 99 100 100
Multi-attribute, TU (EU, RU) 52 36 39 44 66.(48, 48)
Annual realized angling effort under optimal regulations (hha–1)
Static, TU 61 43 58 50 58
Catch-based, TU 80 112 93 94 97
Multi-attribute, TU (EU, RU) 61 43 58 50 65.(57, 57)
Composition of anglers fishing in the mixed angler population under optimal regulations
Static, TU 0.40 0.30 0.30 na. na.
Catch-based, TU 0.34 0.37 0.29 na. na.
Multi-attribute, TU (EU, RU) 0.41 (0.38, 0.37) 0.14 (0.27, 0.29) 0.45 (0.35, 0.34) na. na.
Spawning-potential ratio under optimal regulations
Static, TU 0.74 0.38 0.73 0.61 0.57
Catch-based, TU 0.78 0.54 0.61 0.67 0.63
Multi-attribute, TU (EU, RU) 0.74 0.39 0.73 0.61 0.73 (0.57, 0.48)
Note: Optimal input and output regulations maximized social welfare for various angler types and for different assumptions about
angler-behaviour and social-welfare measures. Implications are shown in terms of resulting angling efforts and biological impacts (with
the latter being measured by the spawning-potential ratio). Three social-welfare measures were examined for the mixed angler popula-
tion: total utility (TU), an equitable utilitarian utility (EU), and a Rawlsian utility (RU) (Table 1, eqs. 8a–8c). For the nonmixed angler
populations, results for the EU and RU were identical to those for TU and are therefore not repeated. na, not applicable.
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other anglers types by a factor of more than 2; generic an-
glers were intermediate, while consumptive anglers derived
the least utility in the static and multi-attribute scenarios
(Fig. 4).
Differences among the angler types also affected the risk
of recruitment overfishing. In all scenarios and across all
regulation combinations, consumptive anglers generally had
the most negative impact and generic anglers the least, ex-
cept in the multi-attribute scenario at high minimum-size
limits. This trend was also seen when examining the biolog-
ical impacts of different angler types under the different reg-
ulations they perceived as optimal (Table 4). Under these
Fig. 4. Total utility over a range of input (license number) and output (minimum-size limit) regulations. Columns illustrate results for three
angler-behaviour scenarios: static angler behaviour, where anglers fished at the maximal rate catch-based dynamic angler behaviour, where
anglers responded to the fishery based on catch rates, and multi-attribute dynamic angler behaviour, where anglers responded to the fishery
based on a multi-attribute utility function. Rows illustrate results for five different angler populations: generic anglers, consumptive anglers,
trophy anglers, average anglers, and a mixed angler population composed of 40% generic, 30% consumptive, and 30% trophy anglers.
White diamonds indicate the optimum regulations at which total utility was maximized.
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optimal regulations, the biological impact of consumptive
anglers was greatest, occurring close to the threshold levels
of recruitment overfishing (0.35–0.40) and at regulation
combinations for which small changes in regulations could
cause large changes in the risk of recruitment overfishing
(Fig. 5). At these respective optima, generic and trophy an-
glers impacted the fish population much less than consump-
tive anglers and regulation combinations implied a low risk
of recruitment overfishing.
We found that the sensitivity of results to individual at-
Fig. 5. Spawning-potential ratio (SPR) of fished populations over a range of input (license number) and output (minimum-size limit) regu-
lations. SPR values below 0.35–0.4 indicate a potential for recruitment overfishing. Columns show results for three angler-behaviour sce-
narios: static angler behaviour, where anglers fished at the maximal rate, catch-based dynamic behaviour, where anglers responded to the
fishery based on catch rates, and multi-attribute dynamic behaviour, where anglers responded to the fishery based on a multi-attribute utility
function. Rows show results for five different angler populations: generic anglers, consumptive anglers, trophy anglers, average anglers, and
a mixed angler population composed of 40% generic, 30% consumptive, and 30% trophy anglers. White diamonds indicate the optimum
regulations at which total utility was maximized.
1522 Can. J. Fish. Aquat. Sci. Vol. 67, 2010
Published by NRC Research Press
70
tributes in the multi-attribute scenario varied in their effect
on optimal regulations, realized effort, and spawning-poten-
tial ratio and varied greatly with angler type, without any
consistent pattern becoming evident (Appendix A). We
could tentatively conclude, however, that findings for trophy
anglers were strongly dependent on crowding aversion,
while findings for consumptive anglers were particularly
sensitive to minimum-size limit levels and some catch at-
tributes. It was also interesting to notice that the response
of mixed angler populations to the removal of a particular
fishery attribute sometimes exceeded that of homogeneous
angler populations, highlighting the importance of including
heterogeneity in angler preferences (Appendix A).
Impacts of angler-population composition
Predictions of optimal input and output regulations sub-
stantially differed between the average angler and the mixed
angler population (bottom two rows in Fig. 4). Under opti-
mal regulations, license numbers and realized angling efforts
were higher for the mixed angler population than for the
average angler population (Table 4). Optimal minimum-size
limits for the mixed angler population were the same as for
the average angler population in the static scenario, lower in
the catch-based scenario, and higher in the multi-attribute
scenario. In addition, across all scenarios, total utility under
optimal regulations was greater in the mixed angler popula-
tion than in the average angler population.
For the average angler population, minimum-size limits
and realized efforts under optimal regulations were identical
in the static and multi-attribute scenarios. However, for the
mixed angler population, minimum-size limits, license num-
bers, and realized efforts under optimal regulations were
substantially higher in the multi-attribute scenario than in
the static scenario (Fig. 4; Table 4). Furthermore, in the
multi-attribute scenario, predictions of optimal license sales
and realized efforts were generally higher than in any of the
three homogeneous angler populations (Table 4). The mixed
angler population was also predicted to have a greater bio-
logical impact than the average angler population (Fig. 5).
However, under optimal regulations, the risk of recruitment
overfishing in both cases was low (Table 4).
Changes in the composition of the mixed angler popula-
tion that fished in the multi-attribute scenario were described
by the changes in the proportion of total realized angling ef-
fort invested by each angler type (Fig. 6). This shows that
the composition of the angling population varied depending
on minimum-size limits and license regulations, with trends
predominantly following changes in minimum-size limit
(Fig. 6). At low minimum-size limits and low license num-
bers, all angler types fished in approximately equal propor-
Fig. 6. Proportion of the total realized angling effort contributed by each angler type, (a) generic, (b) consumptive, and (c) trophy, in a
mixed angler population over a range of input (license number) and output (minimum-size limit) regulations. The mixed angler population
was composed of 40% generic, 30% consumptive, and 30% trophy anglers. Anglers responded to the fishery based on a multi-attribute
utility function; see Figs. 4o and 5o. White diamonds indicate the optimum regulations at which total utility was maximized.
Fig. 7. Social-welfare measures in a mixed angler population with multi-attribute dynamic angler behaviour over a range of input (license
number) and output (minimum-size limit) regulations. The mixed angler population was composed of 40% generic, 30% consumptive, and
30% trophy anglers. Results are shown for three social-welfare measures, (a) total utility (TU), (b) egalitarian utilitarian utility (EU), and (c)
Rawlsian utility (RU) (see Table 1, eqs. 8a–8c). White diamonds indicate the optimum regulations at which the social-welfare measures
were maximized.
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tions, whereas at low minimum-size limits and high license
numbers, the composition of the angling population re-
sembled that of the entire angler population (i.e., 40% ge-
neric, 30% consumptive, and 30% trophy). At moderate to
high minimum-size limits, the majority of consumptive an-
glers in the angler population chose not to fish and thus
dropped out of the angling population. Even higher mini-
mum-size limits resulted in generic anglers also dropping
out resulting in an angling population dominated by trophy
anglers. Under optimal regulations, the composition of the
angling population in the multi-attribute scenario was heav-
ily skewed toward generic and trophy anglers, with few con-
sumptive anglers being attracted to the fishery (Table 4;
Fig. 6).
Impacts of social-welfare measures
In the multi-attribute scenario for the mixed angler popu-
lation, socially optimal minimum-size limits were highest
for total utility, intermediate for equitable utilitarian utility,
and lowest for Rawlsian utility (Fig. 7; Table 4). Optimal li-
cense numbers were also highest for the total utility social-
welfare measure but lower (and similar) for the equitable
utilitarian utility and the Rawlsian-utility social-welfare
measures. Realized angling efforts under optimal conditions
showed the same pattern.
Under optimal regulations, optimal license numbers and
realized angling efforts for the average angler population
never exceeded those for the mixed angler population, irre-
spective of the applied social-welfare measure (Table 4).
However, the optimal minimum-size limit was slightly
higher in the average angler population than in the mixed
population when the Rawlsian-utility social-welfare measure
was applied (Table 4). Under optimal regulations, spawning-
potential ratio levels were well above 0.40, irrespective of
the applied social-welfare measure (Table 4); therefore, all
social-welfare measures avoided recruitment overfishing
under optimal regulations.
Discussion
We developed a bioeconomic modelling approach that in-
tegrates angler behaviour and angler heterogeneity with age-
structured and density-dependent fish population dynamics
to determine socially optimal input and output regulations
for a recreational fishery. Using this approach, we have
demonstrated how angler behaviour and heterogeneity affect
optimal regulations and how optimal regulations varied with
the social-welfare measure applied.
Angler behaviour
The importance of accounting for angler behaviour was
demonstrated by the differences observed in predicted opti-
mal regulations (expressed in terms of minimum-size limits
and license numbers) among three angler-behaviour scenar-
ios that describe, respectively, static, catch-based, and
multi-attribute angling dynamics. Predicted optimal mini-
mum-size limits and license numbers were substantially
higher for the catch-based scenario than for the other two
scenarios. However, most published recreational-fisheries
models that incorporated dynamic angler behaviour assumed
that anglers respond to catch rates alone or to some measure
of fish abundance (Johnson and Carpenter 1994; Beard et al.
2003; Post et al. 2003), thus neglecting other attributes
known to affect participation decisions of anglers (Hunt
2005).
Our findings call into question the validity of this simpli-
fying assumption and resulting predictions of ‘‘optimal’’ reg-
ulations. For example, when catch rate was assumed to be
the only attribute determining the fishing decisions of an-
glers, the catch-based scenario predicted optimal input and
output regulations that effectively imply complete catch-
and-release regulatory policies at largely unlimited effort
levels. This prediction is clearly misleading in many situa-
tions and results from an oversimplification of angler prefer-
ences. Indeed, because some angler types are strongly
harvest oriented, management conflicts and dilemmas have
occurred in some recreational fisheries despite high catch
rates when the possibility for anglers to harvest was con-
strained (Matlock et al. 1988; Radomski 2003; Sullivan
2003). Perceived harvest constraints may result in the dis-
placement of harvest-oriented anglers to alternative fisheries
(Radomski and Goeman 1996; Beard et al. 2003), an impor-
tant effect that cannot be captured by models that assume
angler behaviour to be driven by catch rates alone. In con-
trast, our investigations of multi-attribute dynamic angler
behaviour, presumably allowing a more realistic representa-
tion of angling effort, showed that complete catch-and-re-
lease regulations were not always socially optimal.
Our sensitivity analyses highlighted that, while most at-
tributes of the fishing experience (such as fish size, catch
rate, crowding, aversion to regulations, etc.) were important
for determining angler choice and angler welfare, their rela-
tive importance varied among angler types (Appendix A).
This underscores the importance of including all relevant
catch- and non-catch-related attributes affecting angler
choice in bioeconomic fisheries models to more accurately
predict angler behaviour and fishing pressure and to derive
optimal regulations that maximize angler welfare.
A multi-attribute perspective on angler behaviour and
welfare is also likely to improve predictions of the biologi-
cal impacts of fishing under different regulations. Histori-
cally, angler populations were expected to be self-
regulating, as anglers were assumed to leave a fishery when
catch rates declined (Cox and Walters 2002a; Radomski
2003). However, because catch rate is just one among many
attributes characterizing a fishing experience, such catch-
based self-regulation does not necessarily apply (Post et al.
2002, 2008; Paulrud and Laitila 2004). Indeed, we found
that realized angling effort and the biological impacts were
higher in the multi-attribute scenario than in the catch-based
scenario at low to intermediate minimum-size limits. These
findings corroborate claims that multi-attribute angler behav-
iour may put fish populations at risk of overexploitation (Post
et al. 2002), since anglers continue to be attracted to particu-
lar fisheries even after catch rates have declined, because
other attributes of the fishery (such as close proximity or so-
cial aspects of the experience) provide them with utility and
thereby partly compensate for reduced catch rates. The inter-
esting features of the multi-attribute utility scenario derive
from its partial ‘‘decoupling’’ of fish and angler dynamics
(Johnson and Carpenter 1994). In contrast, the catch-based
scenario is appropriate for describing predator–prey interac-
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tions if a predator’s fitness is predominantly dependent on
prey consumption. Not accounting for the array of attributes
that attract anglers to a fishery may therefore lead to an
underestimation of the biological impacts of fishing (Post et
al. 2002). Consequently, management decisions based on as-
sumptions of purely catch-based angler behaviour will likely
be less conservative than intended with regard to limiting bi-
ological impacts and probably also less successful than in-
tended with regard to angler satisfaction and participation.
Angler heterogeneity
Our results have shown that accounting for the complex-
ity of angler behaviour when predicting the amount of an-
gling effort invested in a particularly fishery can
fundamentally improve predictions about optimal regula-
tions. However, this improvement alone might not be
enough: predictions are likely even more realistic when the
heterogeneity of angler behaviour is considered in recrea-
tional-fisheries models.
We found that, because of the consumptive orientation
and aversion to angling regulations of some angler types,
minimum-size limits were particularly important in deter-
mining angler utility and optimal regulations. Under less re-
strictive output regulations, consumptive angling effort was
reduced because the fish population could not support large
numbers of harvest-oriented anglers while at the same time
maintaining high catch rates. In these situations, trophy an-
glers fished in greater numbers than consumptive anglers be-
cause they were less concerned with harvest constraints and
more interested in attributes of the fishery unrelated to catch
rates. Despite their greater numbers, at low minimum-size
limits, the less consumptive nature and the reduced catch
rates of trophy anglers (which occurred because they used
gear that targeted fish of larger size) resulted in them impos-
ing less fishing mortality on a fish stock than consumptive
anglers.
This demonstrates that both aspects of angler heterogene-
ity, diversity in angling preferences and differences in fish-
ing practices, are important when determining optimal
angling regulations. Furthermore, while managing for angler
diversity to enhance the recreational-fishing experience of
all anglers has been repeatedly called for (Driver et al.
1984; Aas et al. 2000; Arlinghaus and Mehner 2004a), our
study is the first to explicitly demonstrate the benefits of
such an approach when determining optimal, angler-type-
specific regulations to maximize social welfare.
Although the aim of our modelling exercise was to ex-
plore the general importance of behavioural complexity and
diversity in anglers, our model-based results also highlight
some practical implications. In particular, our model find-
ings suggest that some minimum-size limit regulations cur-
rently used for pike fisheries (45–75 cm in North America;
Paukert et al. 2001) are below the optimal levels (53–99 cm)
predicted by our model for the different angler types. Imple-
mentation of lower-than-optimal minimum-size limits could
put fish populations at risk of recruitment overfishing (e.g.,
Arlinghaus et al. 2010). Thus, depending on the composition
of the local angler population, special regulations described
by Paukert et al. (2001) that are geared toward particular an-
gler types (e.g., maximum-size limits and inverse slot length
limits) may perform better than the standard solution of im-
posing a moderately low minimum-size limit (such as 45–
50 cm).
Despite considerable differences among angler types, we
found that socially optimal regulations resulted in biologi-
cally sustainable exploitation patterns. This is because an-
gler utility is partly dependent on catch-related attributes of
the fishery (such as catch rates or fish size), which implicitly
requires a productive, biologically sustainable fishery in the
long term. Our results therefore indicate that socioeconomic
management objectives, such as maximizing social welfare,
can account for the state of a fish population through its in-
fluence on angler utility and thus provide management ad-
vice that results in biologically sustainable exploitation.
This supports suggestions for a focus on OSY when manag-
ing for sustainability (Roedel 1975; Malvestuto and Hudgins
1996; Carpenter and Brock 2004). However, the occurrence
of optimal regulations in the vicinity of spawning-potential
ratio levels suggestive of recruitment overfishing varied
with angler type. Thus, a precautionary approach has to be
taken in socially optimal management to account for the sto-
chastic processes underlying any fishery.
Angler-population composition
The results discussed so far account for the dynamics and
heterogeneity in angler behaviour. However, they are still
limited in the sense that the angler population was assumed
to be composed of just one angler type. In reality, angler
populations are composed of different types of anglers that
vary in their preferences and behaviour (Hahn 1991; Fisher
1997; Connelly et al. 2001). Our study has shown that this
composition affects optimal regulations. Moreover, while
managers might be inclined, for the sake of simplicity, to
represent angler populations in terms of an average angler
(Hahn 1991; Aas and Ditton 1998), we found that such a
simplification can lead to misleading predictions of optimal
regulations and biological impacts. This is because different
angler types dominated the realized angling effort under dif-
ferent regulations and because optimal regulations were con-
sistently more restrictive for the mixed angler populations
than for the average populations. Shifts in the angling popu-
lation were also important for determining biological im-
pacts because of differences in fishing practices and
participation of the different angler types.
Therefore, our model results underscore the importance of
considering not only dynamic angler behaviour and angler
heterogeneity in both angling preferences and angling practi-
ces in models of recreational-fisheries management (Post et
al. 2008), but also how dynamics and diversity interact in
angler populations containing a mixture of angler types.
Our findings suggest that current monitoring methods that
pool information about anglers need to be modified to ac-
count for the heterogeneity of angler types using specific
fisheries. This will allow managers to understand better
which types of anglers are fishing and why (Radomski et al.
2001), thus yielding insights that our model results suggest
could be of crucial importance for determining optimal reg-
ulations and for more accurately predicting the biological
impacts of the angling population.
Social-welfare measures
A final insight from this study relates to the importance of
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the management objectives determining optimal input and
output regulations. From a welfare-economics perspective,
the management objective is to maximize the social welfare
a fishery provides to the angling community irrespective of
which anglers benefit the most or the least (Cole and Ward
1994; Perman et al. 2003). However, our results suggest that
a strictly utilitarian economic approach may alienate some
angling groups from a fishery that is managed for maximum
total utility. For example, we found that consumptive an-
glers interested in fish harvest were no longer attracted to a
fishery that was subject to restrictive minimum-size limits.
Trophy anglers, in contrast, enjoyed high individual utility
at high minimum-size limits, mainly because of their lack
of consumptive orientation and the greater importance of
fishing to their lifestyle. As a result, trophy anglers gained
more utility, which strongly influenced the total utility so-
cial-welfare measure, and thus optimal regulations. Social-
welfare measures that reflected more equitable management
objectives, such as equitable utilitarian utility or Rawlsian
utility, rendered optimal regulations in mixed angler popula-
tions more restrictive but resulted in a more diverse compo-
sition of anglers attracted to a fishery.
Thus, although there is no universal consensus about
which social-welfare functions to use to quantify welfare
(Cole and Ward 1994; Perman et al. 2003), our results illus-
trate how the optimal regulations predicted by bioeconomic
models are sensitive to the social-welfare measures applied.
Therefore, managers need to be explicit about their underly-
ing management goals and objectives (Barber and Taylor
1990; Aas and Ditton 1998) and ensure that the welfare
measure applied closely reflects these objectives when im-
plementing an OSY approach to recreational-fisheries man-
agement.
Limitations and extensions
While we hope that our study provides valuable insights
about the importance of angler dynamics and angler hetero-
geneity when managing for OSY, several limitations need to
be highlighted. First, our model results depend on the de-
scription of angler behaviour. Application of our modelling
approach to local fisheries therefore requires a quantitative
assessment of the local and regional angler populations,
e.g., using stated and revealed choice models (Hunt 2005;
Massey et al. 2006). A second limitation is that we assumed
that over time, anglers will follow the same behavioural pat-
terns and will keep occurring in the same proportions, which
may be in error (Baerenklau and Provencher 2005). Tempo-
ral trends in the behaviour of individual anglers or in the
composition of the angler population could be examined in
future extensions of our model. Changing preferences of an-
glers over time due to specialization or learning could also
be exciting to investigate, as anglers will likely adapt to
changes in a fishery by altering their expectations (Arling-
haus 2006a). Third, to simplify an already complex model,
we assumed that participation decisions were made on an
annual basis, whereas other time steps may be more realistic
(Schuhmann and Schwabe 2004; Hunt 2005). However, be-
cause we were interested in long-term equilibrium condi-
tions, this simplifying assumption seems warranted. Fourth,
our model described a single fishery and therefore did not
account for changes in utility offered by substitute sites in
the vicinity of the modelled fishery. Clearly, this is an unre-
alistic assumption, and further research is needed to broaden
our modelling approach to fisheries landscapes (Lester et al.
2003).
A final limitation of this study is that we defined social
welfare in terms of aggregated utility rather than aggregated
willingness-to-pay. In environmental and resource econom-
ics, including recreational-fisheries economics, an aggregate
of individuals’ willingness-to-pay for an environmental good
or service is a commonly used welfare measure (Edwards
1991). In empirical studies of nonmarketable goods and
services, such as recreational fisheries, this measure of so-
cial welfare is calculated using the change in utility pro-
vided by attributes of the good (such as catch rate or
crowding) from one condition of the fishery to another div-
ided by the marginal utility of income (such as the license
cost coefficient in our model) and is expressed in monetary
units (Hanemann 1984). Here, we chose not to express util-
ity in monetary units because this would necessitate making
an additional assumption about the baseline condition used
for comparison and because it was felt to be imprudent to
put a monetary value on hypothetical scenarios. However,
such calculations could be carried out if appropriate empiri-
cally derived parameters were available from stated- or re-
vealed-preference models for angler-type-specific part-
worth-utility functions (e.g., Massey et al. 2006). This would
also ensure that the welfare measure has a cardinal scale,
thus avoiding the potential debate of how comparable utility
is among individuals (Perman et al. 2003).
Despite these limitations, by coupling socioeconomic and
biological models, our modelling framework is among the
few that address the often-touted need for an interdiscipli-
nary approach to recreational-fisheries management (e.g.,
Anderson 1993; Johnson and Carpenter 1994; Radomski et
al. 2001), thus providing a basis for future research. There
are numerous directions in which our model can be ex-
tended, including incorporating environmental stochasticity
and a multispecies biology. These extensions are important
because deterministic models (Carpenter et al. 1994) and
single-species models (Worm et al. 2009) may result in erro-
neous conclusions about appropriate management strategies.
In multispecies models, incorporating angling preferences
for different species and indirect effects of angling on the
aquatic food webs (Roth et al. 2007) are promising options
for complementing the predictions presented here.
Further avenues for future research include exploring the
part-worth-utility functions driving angler behaviour, exam-
ining the sensitivity of model predictions to changes in fish-
ery attributes, and investigating an even larger number of
prototypical angler types and their interactions in mixed an-
gling populations. Because multilake fisheries opportunities
(Parkinson et al. 2004; Post et al. 2008) are more realistic
than the simplified single-lake perspective we have adopted
here, exploration of angler choice within a landscape of fish-
ing opportunities (Carpenter and Brock 2004) may be the
most important extension of our modelling approach.
Implications
Even though we have just scratched the surface, we hope
that readers share our optimism that the interdisciplinary ap-
proach to modelling recreational fisheries introduced here
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constitutes a sound and extensible theoretical framework.
The approach builds on choice theory from welfare econom-
ics, angler-specialization theory from leisure sciences, and
traditional ecological theory and provides unique insights
into recreational-fisheries management.
A key finding of this study and related work (Carpenter
and Brock 2004) is that ‘‘one-size-fits-all’’ policies are likely
to produce suboptimal management outcomes because they
cannot account for the diversity and complexity of angler
behaviour that is inherent to most of the world’s recreational
fisheries (Cox et al. 2003; Arlinghaus et al. 2008a; Post et
al. 2008). Furthermore, we have shown that misleading pre-
dictions about optimal management can result from the
omission of dynamic angler behaviour and angler heteroge-
neity from recreational-fisheries models; this can put fish
populations at risk of overfishing, in line with what has
been suggested by other studies (Carpenter et al. 1994; Par-
kinson et al. 2004). In contrast, although managers need to
be aware that socially optimal regulations strongly depend
on the applied measure of social welfare and the manage-
ment objectives upon which it is based, managing for so-
cially optimal regulations resulted in both social and
biological sustainability.
Managers are likely to encounter difficulties in jointly sat-
isfying the interests of the entire angling public. Decisions
therefore need to be made about how to best distribute ac-
cess to scarce resources across angler types (Loomis and
Ditton 1993; Daigle et al. 1996). The benefit of an interdis-
ciplinary bioeconomic modelling approach is that it enables
managers to quantify welfare changes resulting from alterna-
tive management scenarios and to predict how these regula-
tions will affect different segments of the angling public as
well as the fish population. A decision-support tool such as
this one, built on clear objectives and quantitative descrip-
tions, thereby fostering transparency and legitimacy in the
management process, can facilitate decision taking and clar-
ify when managing for diverse angling opportunities is the
best strategy. Ideally, accounting for angler dynamics and
angler diversity in fisheries-management models will pro-
vide more accurate and realistic predictions of optimal regu-
lations that maximize angler satisfaction, minimize conflicts
among angling groups, and result in the sustainable manage-
ment of recreational fisheries.
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Appendix A. Sensitivity of predicted optimal
regulations to fishery attributes
Table A1 appears on the following page.
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ERRATUM / ERRATUM
Erratum: Diversity and complexity of angler
behaviour drive socially optimal input and output
regulations in a bioeconomic recreational-
fisheries model
Fiona D. Johnston, Robert Arlinghaus, and Ulf Dieckmann
Ref.: Can. J. Fish. Aquat. Sci. 67: 1507–1531 (2010).
In Table 1 in the printed and online versions of the article, there are typesetting errors in eqs. 2a, 2c, and 7e. The correct
versions are as follows:
[2a] pfj ¼ expðbU fjÞ=½expðUnÞ þ expðbU fjÞ
[2c] Dj ¼ pFjDmax
[7e] CHjt ¼ minðCjt; cmax jejt=JÞ.
Figure 1 in the printed version of the article contains production errors. The correct version appears on the following page.
Received 7 September 2010. Accepted 7 September 2010. Published on the NRC Research Press Web site at cjfas.nrc.ca on 3 November
2010.
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Fig. 1. Simplified flow diagram illustrating interactions among the three model components of our bioeconomic modelling approach: the
biological component, the socioeconomic component, and the management component. The model included three angler-behaviour scenar-
ios: (a) static angler behaviour, where anglers fished at the maximal rate, (b) catch-based dynamic angler behaviour, where anglers re-
sponded to the fishery based on catch rates, and (c) multi-attribute dynamic angler behaviour, where anglers responded to the fishery based
on a multi-attribute utility function. Black solid arrows depict influences that apply across all scenarios, while gray arrows apply to the
catch-based scenario only and black broken arrows apply to either the static or multi-attribute scenario, as is also indicated by labels beside
the arrows. Factors in round-cornered boxes dynamically changed throughout model runs, while parameters for factors in square-cornered
boxes were held constant.
1898 Can. J. Fish. Aquat. Sci. Vol. 67, 2010
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Systems Analysis, Schlossplatz 1, A-2361, Laxenburg, Austria and 3Inland Fisheries Management Laboratory,
Department for Crop and Animal Sciences, Faculty of Agriculture and Horticulture, Humboldt-University of Berlin,
Philippstrasse 13, Haus 7, 10115, Berlin, Germany
Abstract
To predict recreational-fishing impacts on freshwater fish species, it is important to
understand the interplay between fish populations, anglers and management
actions. We use an integrated bioeconomic model to study the importance of fish
life-history type (LHT) for determining (i) vulnerability to over-exploitation by
diverse angler types (generic, consumptive and trophy anglers), who respond
dynamically to fishing-quality changes; (ii) regulations [i.e., minimum-size limits
(MSLs) and licence densities] that maximize the social welfare of angler populations;
and (iii) biological and social conditions resulting under such socially optimal regu-
lations. We examine five prototypical freshwater species: European perch (Perca flu-
viatilis), brown trout (Salmo trutta), pikeperch (Sander lucioperca), pike (Esox lucius)
and bull trout (Salvelinus confluentus). We find that LHT is important for determining
the vulnerability of fish populations to overfishing, with pike, pikeperch, and bull
trout being more vulnerable than perch and brown trout. Angler type influences
the magnitude of fishing impacts, because of differences in fishing practices and
angler-type-specific effects of LHT on angling effort. Our results indicate that angler
types are systematically attracted to particular LHTs. Socially optimal minimum-size
limits generally increase with LHT vulnerability, whereas optimal licence densities
are similar across LHTs. Yet, both regulations vary among angler types. Despite this
variation, we find that biological sustainability occurs under socially optimal regula-
tions, with one exception. Our results highlight the importance of jointly consider-
ing fish diversity, angler diversity and regulations when predicting sustainable
management strategies for recreational fisheries. Failure to do so could result in
socially suboptimal management and/or fishery collapse.
Keywords Angler-effort dynamics, bioeconomic model, density-dependent
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Commercial harvesting can cause severe declines in
fish stocks (Worm et al. 2009). Similarly, recrea-
tional fisheries can also have substantial negative
impacts on the world’s fisheries (McPhee et al.
2002; Coleman et al. 2004; Cooke and Cowx 2004;
Lewin et al. 2006), although they often remain
‘invisible’ because of absent or insufficient monitor-
ing (Post et al. 2002). The lack of sustainability in
some fisheries may relate to simplification or neglect
of three interrelated factors, which need to be jointly
considered in fisheries management: (i) the life his-
tory of the exploited population and its influence on
vulnerability to over-exploitation (Reynolds et al.
2001; Rose et al. 2001; Winemiller 2005), (ii) the
heterogeneity and dynamics of fishers exploiting the
fishery (Radomski et al. 2001; Wilen et al. 2002;
Johnston et al. 2010; Fulton et al. 2011) and (iii)
the influence of management objectives and regula-
tions on the ecological and social dynamics of the
fishery (Radomski et al. 2001; Cox and Walters
2002; Wilen et al. 2002). Only by integrating these
three main components  biological, social and
managerial  into fisheries-projection models
(Fig. 1) can fisheries dynamics be understood and
more robust management predictions be achieved
(Johnston et al. 2010). While earlier studies have
illustrated the importance of considering how differ-
ences in fish biology (e.g., productivity) can influ-
ence the efficacy of harvest regulations (e.g.,
Beamesderfer and North 1995), progress in inte-
grated angler-fish population modelling has been
slow (Fenichel et al. 2012). To our knowledge, no
previous modelling study has rigorously explored
the importance of considering the interrelationships
between fish life history, angler diversity and vari-
ous management measures for sustainable fisheries
management. To advance our understanding, here
we examine these interrelationships and study how
the resulting dynamics of both fish and anglers
affect optimal management strategies in recrea-
tional fisheries.
A key factor determining the dynamics of a fish-
ery is fish life history (described by the combina-
tion of life-history traits that characterize a
species), because it influences a fish population’s
vulnerability to over-exploitation (Reynolds et al.
2001; Rose et al. 2001; Winemiller 2005). Life-
history traits (describing, e.g., growth, maturation
or fecundity) vary substantially among species
(Reynolds et al. 2001) and are often phenotypi-
cally plastic (Pigliucci 2005). Fish that exhibit dif-
ferent life-history strategies will differ in their
© 2012 John Wiley & Sons Ltd, F I SH and F I SHER IES , 14, 554–579 555
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production and in the degree to which density-
dependent processes regulate the population, thus
altering their ability to compensate for fishing
mortality (Rose et al. 2001; Winemiller 2005;
Goodwin et al. 2006). For example, fish that
mature late, attain large maximum size and have
low potential rates of population increase have
been reported to be more vulnerable to over-
exploitation than fish with the opposite character-
istics (Jennings et al. 1998). However, for freshwa-
ter fish species, the relationships between risk of
decline and anthropogenic factors are often not
clear-cut (Duncan and Lockwood 2001; Reynolds
et al. 2005). Thus, to provide more robust predic-
tions about the vulnerability of freshwater fish
populations to over-exploitation by recreational
angling, a quantitative modelling approach that
describes life-history characteristics of commonly
targeted species is warranted.
A second key, yet often ignored, factor deter-
mining the impacts of fishing on fish populations
is the structure and dynamics of fishers exploiting
the fishery (Wilen et al. 2002; Johnston et al.
2010; Fulton et al. 2011). While commercial fish-
ers are primarily motivated by maximizing yield or
economic revenue (Hilborn 2007), multiple catch-
related and non-catch-related attributes of a fish-
ery (e.g., catch rates, fish size, angler congestion,
aesthetic appeal, facilities, permit costs; reviewed
in Hunt 2005) influence the fishing decisions of
recreational anglers. Furthermore, angler popula-
tions are almost always composed of diverse
angler types (e.g., Arlinghaus 2004), each exhibit-
ing specific fishing preferences and fishing prac-
tices (e.g., Aas et al. 2000; Beardmore et al.
2011). For example, some anglers prioritize fish
harvest, whereas others preferentially target tro-
phy-sized fish and voluntarily release them (Hahn
1991; Jacobson 1996; Fisher 1997). Thus,
angling impacts likely differ with the type of
anglers fishing (Johnston et al. 2010) and the life-
history type (LHT) of exploited fish. Predicting the
long-term outcome of fish–angler interactions
requires an integrated modelling approach that
incorporates population dynamics of diverse fish
life histories and behavioural responses of diverse
angler types to changes in fishery quality (John-
ston et al. 2010).
A third key factor influencing any fishery sys-
tem is its management component. Fish-angler
dynamics do not occur in isolation from fishing
regulations. Harvest regulations commonly
employed in recreational fisheries influence which
fish are caught and/or harvested (in terms of, e.g.,
species and size), but they also influence angler
behaviour (Beard et al. 2003; Johnston et al.
2011) and therefore are of crucial importance for
describing angler dynamics (Johnston et al. 2010).
Fish–angler dynamics will influence how effective
regulations are at meeting the management objec-
tives they are designed to achieve, objectives that
often include balancing the sometimes conflicting
interests of different stakeholders with the mainte-
nance of a biologically sustainable fishery (Cochra-
ne 2000; Cox and Walters 2002; Hilborn 2007).


























Figure 1 Fishery components and
their interactions. For an overview
of the corresponding integrated
bioeconomic model, see Fig. 2.
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ous management objectives by integrating social,
economic and biological considerations into a sin-
gle measure of the utility (in terms of benefits, sat-
isfaction and/or social welfare) a recreational
fishery provides to society (Roedel 1975; Malvestu-
to and Hudgins 1996). The OSY approach is
rarely used in practice (possibly because of the dif-
ficulty in measuring the underlying quantities),
but has shown promise for the management of a
northern-pike (Esox lucius, Esocidae) recreational
fishery: a study modelling this species revealed
that regulations maximizing social welfare also
maintained a biologically sustainable fish popula-
tion (Johnston et al. 2010). However, because life
history influences a fish population’s response to
fishing, and in turn the behaviour of the anglers
exploiting it, it is unknown if this prediction holds
across life histories commonly targeted by freshwa-
ter recreational anglers.
To explore the importance of jointly considering
fish life history, dynamic and diverse angler
behaviour, alternative management options and
the nonlinear interplay between the three fishery
components (Fig. 1) when managing recreational
fisheries, here we use an integrated bioeconomic
model. Our model is parameterized to describe five
fish LHTs representing recreationally important
freshwater fish species, in conjunction with three
plausible angler behavioural types (Johnston et al.
2010). We use this model to evaluate how differ-
ences in LHT and angler type influence recrea-
tional-fishing impacts and the socially optimal
management of fisheries. Specifically, we investi-
gate (i) how LHT influences vulnerability to overf-
ishing under different levels of constant and, more
realistically, dynamic fishing effort by various
angler types; (ii) how angling regulations (e.g.,
minimum-size limits and licence densities) that
maximized social welfare vary between LHTs and
angler types; and finally (iii) how biological sus-
tainability and social conditions under socially
optimal regulations differ across LHTs and angler
types. Our intention here is not to provide predic-
tions for a particular fishery, but to gain general
insights into the influence of LHT and angler
diversity on the dynamics of a coupled social–eco-
logical system, by bridging the traditional divide
between fisheries science and social science (Ar-
linghaus et al. 2008; Fulton et al. 2011; Fenichel
et al. 2012). Our framework can nevertheless be
calibrated to a particular fishery, if appropriate
data on the fish population and the preferences of
Social component Management component
Social welfare



























pulsed at the 
beginning of the 
Growth:
biphasic, density-dependent 
growth that is continuous 
Survival:
Natural: density-dependent mortality of 
newly hatched fish at beginning of year, 
A
year throughout the year followed by constant continuous mortality 
Fishing: continuous mortality from harvest, 
non-compliance, and hooking mortality
H
Maximum fishing effort possible
Realized fishing effort
F3Fish vulnerability & angler skill
Figure 2 Schematic overview of the integrated bioeconomic model. Alphabetized black circles indicate model elements
described in the section ‘Methods, Model components’. Dashed lines highlight differences between model scenarios with
constant vs. dynamic fishing effort. MSL, minimum-size limit.
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angler types are collected using fisheries-biological
and human-dimensions research methods.
Methods
Model overview
We use an integrated bioeconomic model
(Table A1), developed by Johnston et al. (2010)
for a northern-pike recreational fishery, that links
dynamic angler behaviour with a deterministic
age-structured fish population model for a single-
species, single-lake fishery. The model includes
three components (Figs 1 and 2): (i) a biological
component that determines the fish population
dynamics of different LHTs, (ii) a social compo-
nent that determines the angler-effort dynamics of
different angler types based on angler-type-specific
preference functions and (iii) a management com-
ponent that prescribes the angling regulations. In
this study, we extend the model by Johnston et al.
(2010) to describe five distinct LHTs representing
northern pike, European perch (Perca fluviatilis,
Percidae), pikeperch (Sander lucioperca, Percidae),
brown trout (Salmo trutta, Salmonidae) and bull
trout (Salvelinus confluentus, Salmonidae) (Fig. 3;
Table S1). These LHTs were chosen because they
span diverse life-history characteristics (Wootton
1984) and represent a broad range of LHTs com-
monly targeted by freshwater recreational anglers
(e.g., Post et al. 2002; Almodóvar and Nicola
2004; Isermann et al. 2007). The LHTs vary in
body size and growth rate, age- and size-at-matu-
ration, offspring size, fecundity, lifespan, natural
mortality rate and the degree to which density
regulates early juvenile survival (stock–recruit-
ment relationships) and individual growth rates
(Fig. 3). Thus, the LHTs examined here differ in
unexploited abundance, biomass and age and size-
structure (Table 1). To allow for a direct compari-
son of model outcomes, the same age-structured
fish population model is used for all LHTs. In all
scenarios we investigate, fish populations reach
demographic equilibrium prior to the introduction
of fishing, and the presented results reflect equilib-
rium conditions after fishing is introduced (i.e., we
investigate long-term dynamics). A model over-
view is provided below (see also Fig. 2); additional
details are described in the study by Johnston
et al. (2010). Model equations are given in
Table A1 and variables are given in Table A2,
qualitative descriptions of LHTs and angler types
are shown in Figs 3 and 4, and detailed param-
eters and part-worth-utility (PWT) equations
are provided in the supplementary material
(Tables S1–S4).
Model components
The biological model component determines fish
population dynamics, describing reproduction,
growth and survival (Fig. 2, element A). Repro-
duction is pulsed at the beginning of the year. To
account for LHT differences in spawning time (not
present in Johnston et al. 2010), fecundities (total
egg numbers) are determined by spawner sizes
and spawner numbers either at the beginning of
each year (spring spawners) or in the fall of the
previous year (fall spawners) (Table A1, Equation
5a; Table S1). Two important density-dependent
processes, growth in body size and early offspring
survival, allow for compensatory responses to
exploitation (Rose et al. 2001; Lorenzen 2008).
Density-dependent offspring survival from spawn-
ing to post-hatch occurs at the beginning of each
year, described by either a Beverton–Holt type (Be-
verton and Holt 1957) or a Ricker-type stock–
recruitment relationship (Ricker 1954b)
(Table A1, Equation 5c). Growth is modelled using
a biphasic growth model (Lester et al. 2004)
(Table A1, Equation 4a–c). Growth, as well as
mortality from both fishing and natural sources
(for fish aged 1 year and older; Table A1, Equa-
tion 6i), is modelled in continuous time. Continu-
ous growth allows fish to become more vulnerable
to capture within a year. Continuous mortality
allows for recapture and repeated exposure of
released fish to hooking mortality; the latter can
have serious negative impacts on some recrea-
tional fish species especially if effort is high (Cog-
gins et al. 2007). The number and size of fish
caught are determined jointly by the abundance
and structure of the fish population, fishing effort,
anglers’ skills (affecting catchability) and the size-
dependent vulnerability to capture (Table A1,
Equation 6a), which varies among angler types
(see below) (Table A1, Equation 6c; Fig. 2, ele-
ment B). Fishing mortality depends on the number
and size distribution of the catch, the regulated
minimum-size limit and harvest practices of angler
types fishing (Table A1, Equation 6h; Fig. 2, ele-
ment C). Thus, fishing mortality is size dependent
through both capture vulnerability and minimum-
size limit.
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The social model component determines annual
fishing effort. Random utility theory assumes that
anglers will have a higher probability to fish when
conditions provide them with more utility (Hunt
2005) (Fig. 2, element D). Following Johnston
et al. (2010), angling effort is determined by
angler-type-specific multi-attribute utility func-
tions, based on catch-related attributes (catch
rates, average and maximum size of fish caught)
and non-catch-related attributes (angler crowding,
minimum-size limit and licence cost) of the fishery
that are known to affect anglers’ utility and hence
participation decisions (Hunt 2005) (Table A1,
Equation 1; Fig. 2, element E). In addition, angler
types can differ in their fishing practices (in terms
of the size of fish they target, their skill level and
their propensity to voluntarily release fish), as well
as in their preferences for the considered fishery
attributes (Aas et al. 2000; Hunt 2005; Oh and
Ditton 2006). Here, we describe three angler types
– generic, consumptive, and trophy anglers – dif-
fering in their fishing practices and preferences
(Fig. 2, elements F1 to F3; see also Fig. 4). Our
parameterization of utility functions for these three
Table 1 Characteristics of fish life-history types under unexploited conditions.
Life-history type
Perch Brown trout Pikeperch Pike Bull trout
Maximum body size (cm; Lmax, Table S1) 38.5 51.5 103 117 98
Density of fish aged 1 year and older (ha1) 779 300 97 23 12
Biomass fish aged 1 year and older (kg ha1) 49.1 29.5 61.0 16.1 10.0
Maximum annual growth increment of juveniles (cm) 5.5 8.4 10.0 20.7 7.7
Proportion of adults in population 0.44 0.57 0.45 0.63 0.36
Proportion of first-time spawners in mature population 0.34 0.43 0.24 0.37 0.19
Mean age (years) 2.97 2.33 4.11 2.70 5.14
Age-at-maturation (years; am, Table S1) 3 2 4 2 6
Mean length (cm) 13.0 17.6 31.8 40.0 33.7
Size-at-maturation (cm) 14.8 18.4 36.1 35.3 45.7
Relative fecundity (g1) 65.6 1.9 150.0 25.5 1.9
Maximum recruitment density of fish aged 0 (ha1)* 601.2 160.8 24.6 9.2 2.5
*Either asymptotic value of Beverton–Holt stock–recruitment relationship or peak value of Ricker stock–recruitment relationship.









Density dependence of growth
Natural mortality
Density dependence of survival
Unexploited density
Fish life-history types
Figure 3 Qualitative description of
variation in biological
characteristics among the five
considered fish life-history types.
Small, medium and large circles
represent low/small, intermediate
and high/large levels, respectively.
See Table S1 for parameters.
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angler types (Table S3) is based on angler special-
ization theory (Bryan 1977) as described in detail
in the study by Johnston et al. (2010).
The management model component prescribes
input regulations through licence densities (ALs)
and output regulations through minimum-size
limits (MSLs) (Fig. 2, element G). In our model,
licence density is the number of licences issued to
anglers for a single 100-ha lake, and ranges up to
a maximum of one licence per hectare. We focus
on MSLs, as these are commonly used in recrea-
tional fisheries to limit harvest (Radomski et al.
2001). In open-access recreational fisheries, out-
put regulations often only reduce an individual
angler’s harvest, and not total harvest (Radomski
et al. 2001; Cox and Walters 2002; Cox et al.
2002), whereas input regulations more directly
control angler effort and thus fishing mortality
(Cox et al. 2002); therefore, licence densities are
also varied in our model. We do not include daily
bag limits in our model for three reasons. First, we
want to concentrate our analyses on comparing
one input regulation and one output regulation.
Second, the effectiveness of daily bag limits has
been questioned, because in practice daily quotas
are often not met (Cook et al. 2001) and moreover
are only successful if fishing effort and thus total
harvest are not too high (Post and Parkinson
2012). Third, our model includes angler-type-spe-
cific harvest preferences, which work similar to
daily bag limits, by limiting some angler types’
daily harvest through their propensity to voluntar-
ily release fish (Table S3). The management com-
ponent of our model is also used to determine
regulations that achieve an OSY. We assume such
optimal regulations to be given by combinations of
minimum-size limit (MSLopt) and licence density
(AL,opt) that maximize the total utility (an aggrega-
tion of individual utilities across anglers; Table A1,
Equation 7b) gained by the angler population at
equilibrium (Fig. 2, element H). We use total util-
ity to measure social welfare; naturally, results
may differ when other welfare measures are used
(Johnston et al. 2010).
Standardizing across LHTs
To allow direct comparison among our results for
different LHTs, the vulnerability of fish to capture,
as well as some baseline attribute levels used for
determining angler utility that depend on fish size
or abundance, needs to be standardized for LHT
differences in maximum body size (Lmax) and
unexploited abundance (Table 1).
Vulnerability to capture
The size dependence of capture vulnerability is
described by a sigmoidal function that varies
between LHTs and angler types. These functions
are characterized by the size L50 at which vulnera-
bility reaches 50%, and by the steepness y with
which vulnerability increases around L50
(Table A1, Equation 6a). In choosing L50 and y,
we need to account for three considerations. First,
Angler types
Fishing preferences
Generic         Consumptive       Trophy
Importance of fishing to lifestyle
Tolerance of minimum-size limits
Tolerance of license costs
Interest in catch rates
Interest in the challenge of catching fish
Interest in average fish size




Propensity to perform voluntarily
catch-and-release
Size of fish targeted by fishing gear
Figure 4 Qualitative description of
angler-type diversity in preferences
for fishery attributes and fishing
practices. Small-, medium- and
large-sized dots indicate low/small,
intermediate and high/large levels,
respectively.
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to standardize the vulnerability curve among
LHTs, we allow L50 to increase roughly propor-
tionally with a LHT’s maximum size Lmax. Second,
to produce realistic size-structures of catch, we
need to account for a systematic bias in L50: the
general lack of interest in catching very small fish,
presumably because they provide minimal con-
sumptive or trophy value, reduces the relative
range of sizes captured for smaller LHTs much
more than it does for larger LHTs. Empirical find-
ings show that even when anglers target smaller-
bodied predatory freshwater species, they catch
few very small fish (e.g., van Poorten and Post
2005; Wilberg et al. 2005). We account for this
bias by introducing an offset Lshift into the sigmoi-
dal function that shifts L50 to the right. Because it
is independent of Lmax, this shift Lshift is more con-
sequential for smaller LHTs than for larger LHTs
and thus accounts for the aforementioned bias.
Third, different angler types impose different size-
selective capture vulnerabilities, with trophy
anglers targeting larger fish. We account for these
three considerations by determining L50 as a linear
function of Lmax, L50 = zjLmax+ Lshift (Table A1,
Equation 6b) where zj depends on the angler type
j. To estimate y and zj for generic and consump-
tive anglers, we use a least-square approximation
of the vulnerability of pike reported by Johnston
et al. (2010). For trophy anglers, zj is increased by
10% relative to generic and consumptive anglers
(Table S3), because trophy anglers value, and thus
target, larger fish by using different gear than the
other angler types (Jacobson 1996; Aas et al.
2000). To the extent that empirical data are avail-
able, we find that the capture vulnerabilities thus
specified produce size-structures of catch that gen-
erally match empirical observations for the
described LHTs or closely related species (e.g., Paul
et al. 2003; Post et al. 2003; van Poorten and
Post 2005; Wilberg et al. 2005; Arlinghaus et al.
2009; see footnote Table S3).
Part-worth-utility functions
In our model, multiple fishery attributes contribute
to an angler’s utility (Table A1, Equation 1) and
thus influence the participation decisions of anglers
(Table A1, Equation 2a). PWU functions from wel-
fare economics (illustrated in Johnston et al. 2010;
Fig. 3) are used to describe the relative importance
of each catch-related and non-catch-related attri-
bute to an angler’s overall utility (Table S2). The
PWU functions also involve scaling attribute levels
relative to baseline attribute levels (defined as the
levels at which the focal PWU value equals 0, and
the probability to fish thus equals 50%, when all
other PWU values equal 0; Table S4). However,
some baseline attribute levels depend on fish size or
fish abundance in a way that varies with LHT. For
example, a perch angler likely gains more utility
from catching a 30-cm perch than a pike angler
does from catching a 30-cm pike, because of the
intrinsic size differences between these two species.
Thus, several baseline attribute levels are standard-
ized so as to achieve such the desired relative scal-
ing across LHTs.
First, MSLs are set as a proportion of Lmax
ranging between 0 and 1 (Table S4). Second,
the baseline catch rates CDe (Table S4) are
assumed to equal 50% of the maximum catch
rate achievable for a given LHT by a mixed
angler population (comprising 40%, 30% and
30%; generic, consumptive and trophy anglers,
respectively) imposing no harvest, non-compli-
ance or hooking mortality on the fish population.
For all LHT, the thus established baseline catch
rates are generally within the range reported for
the modelled, or closely related, species (see
Table S4). Third, proportional-stock-density (PSD)
categories (Gabelhouse 1984), also known as
proportional size-structure (Guy et al. 2006),
which describe the recreational value of fish
based on their size relative to the species’ world-
record length, are used to set baseline values for
the average size Le and maximum size Lxe of
caught fish. Specifically, we assume that ‘quality’
fish (40% of Lmax) represent the baseline value
for Le, and fish bordering the ‘preferred’ and
‘memorable’ categories (55% of Lmax) represent
the baseline value for Lxe (Table S4).
Outline of analysis
To examine how biological impacts from recrea-
tional fishing vary among LHTs, we first run our
model across a range of MSLs (Table S1) and fish-
ing efforts, both of which are held constant within
a model run. In these model runs, anglers there-
fore do not behave dynamically (Fig. 2, element I)
and are furthermore assumed to be consumptive
anglers killing all harvestable fish: this makes it
possible to compare the biological response of
LHTs at equilibrium to identical levels of fishing
effort. Changes in fish abundance and biomass
relative to unexploited levels (Table 1), and in the
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weighted spawning-potential ratio SPR (Table A1,
Equation 7a), are examined. The SPR is commonly
used to assess fisheries sustainability: values below
0.2–0.3 are considered critical (Goodyear 1993),
whereas maintaining SPR above 0.35–0.40 is
likely to prevent recruitment overfishing (Mace
1994; Clark 2002).
In a second stage of our analysis, we allow
angler types to respond dynamically to the per-
ceived quality of the fishery, that is, utility affected
anglers’ probability to fish (Fig. 2, element D). We
examine model runs across a range of MSLs and
licence densities AL (Table A2), for homogeneous
angler populations composed of one angler type
and, more realistically, for four specific composi-
tions of mixed angler populations (Table S3).
These mixed angler populations comprise either
relatively equal proportions of the three angler
types (40:30:30%; generic, consumptive and tro-
phy anglers, respectively) or strongly skewed
towards generic (70%:15%:15%), consumptive
(15%:70%:15%) or trophy (15%:15%:70%) anglers.
We evaluate how the interplay between life histo-
ries, dynamic angler behaviours and regulations
differentially affects overfishing vulnerability,
angler behaviour and optimal regulations (in
terms of MSLopt and AL,opt) across LHTs and
anglers populations under equilibrium conditions.
The biological conditions (in terms of SPR) and
social conditions (in terms of total utility and fish-
ing effort) under optimal regulations are also
examined, to assess whether trends across LHTs
exist and whether optimal regulations imply bio-
logical sustainability. We also analyse the relative
participation of angler types in mixed angler popu-
lations (in terms of the proportion of the fishing
effort exerted by a given angler type relative to
that type’s proportion of the angler population;
Table A1, Equation 7c) across LHTs, to determine
whether angler types are differentially attracted to,
or excluded from, particular fisheries.
Finally, we evaluate the sensitivity of fish-angler
dynamics to LHT parameterization using elasticity
analyses (e.g., Allen et al. 2009). For this purpose,
we vary each life-history parameter by ±10% from
its original value (except for age-at-maturation
and maximum age, which are discrete and are
therefore varied by ±1 year) and calculate the rel-
ative change in MSLopt and AL,opt. Relative
changes exceeding 10% indicate that the fish-
angler dynamics are sensitive to those parameters.
SPR levels predicted under the new optimal regu-
lations are also examined, to evaluate whether
predictions about biological sustainability under
socially optimal regulations are robust to changes
in life-history parameters.
Results
Biological impacts under constant fishing effort
In the absence of exploitation, the five LHTs in our
model differ substantially in their population char-
acteristics. Perch is most abundant, with an unex-
ploited equilibrium density (of fish aged 1 year
and older) approaching 800 fish ha1, followed by
brown trout and pikeperch (300 and 90 fish ha1,
respectively; Table 1). Pike and bull trout are least
abundant (<25 fish ha1; Table 1). Predicted
abundance under unexploited conditions generally
fall within the range predicted in the literature,
although pikeperch in our model are more abun-
dant than what may be considered average litera-
ture values, and the predicted abundances of
perch and bull trout are at the low end of the
range reported in the literature (Data S1). The
unexploited biomasses (of fish aged 1 year and
older) predicted by our model range between 10
and 60 kg ha1 across all LHTs. Pikeperch exhib-
its the highest unexploited biomass, followed by
perch, brown trout, pike and bull trout.
When recreational fishing is introduced with a
constant consumptive angling effort, the biological
impacts on the five LHTs, measured relative to
unexploited conditions, differ greatly (Fig. 5). Fish-
ing reduces the abundance, biomass and SPR of
pike, bull trout and pikeperch relative to unex-
ploited levels, particularly under low to moderately
restrictive MSLs (0–50% of Lmax) and moderate to
high fishing efforts (30–80 h ha1; Fig. 5). Simi-
larly, fishing reduces the biomass and SPR of perch
and brown trout (Fig. 5), although their relative
magnitudes of decline are generally smaller than for
the other LHTs. However, unlike all other LHTs,
exploitation increases perch abundance above
unexploited levels under all examined MSLs and
fishing efforts (Fig. 5). Fishing also increases
brown-trout abundance (Fig. 5), but only under lib-
eral MSLs and for fishing efforts below 20 h ha1,
or under more restrictive MSLs above 60% of Lmax.
Overall, these results suggest that the suscepti-
bility of LHTs to declines in abundance, biomass
and SPR is greatest to least as follows (ranked by
the proportion of model runs in which SPR was
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smaller than 0.35): bull trout, pikeperch/pike (sim-
ilar responses), brown trout and perch. Hereafter,
we use the term ‘LHT vulnerability’ to refer the
degree to which LHTs in our model are susceptible
to recruitment overfishing from recreational
angling. The obtained ranking suggests that LHT
vulnerability to over-exploitation by consumptive
anglers is negatively related to unexploited abun-
dance and maximum recruitment, positively
related to maximum body size and size-at-matura-
tion and not strongly related to age-at-maturation,
relative fecundity, or natural mortality (see
Table 1 and Table S1 for values).
Biological impacts under dynamic angler
behaviour
Allowing anglers to respond dynamically to the
perceived quality of the fishery alters the incidence
of recruitment overfishing and also causes fishing
efforts to vary substantially between LHTs and
angler populations (Fig. 6). Despite this influence
of LHT on the angling effort a fishery attracts, the
pattern of differential vulnerability of LHTs to
over-exploitation by anglers remains qualitatively
unchanged, regardless of the composition of the
angler population. Consistent with our aforemen-
tioned findings for the biological impacts of con-
sumptive anglers that fish with constant effort, the
biological impacts (measured by SPR) of dynamic
angler populations are greatest to least across
LHTs as follows: (again ranked as described above)
bull trout, pikeperch/pike, brown trout and perch
(Fig. 6).
However, the angler population’s composition
does alter the quantitative magnitudes of the bio-
logical impacts anglers exert on the fished popula-
tions. Under liberal MSLs, the consumptive angler
population reduces SPR more than other angler
populations across LHTs, whereas under more
restrictive MSLs, SPR is most reduced by the tro-
phy anglers (Fig. 6).
Figure 5 Impacts of fishing, over a range of minimum-size limits (as a percentage of Lmax) and annual fishing efforts,
on the density of aged 1 year and older, on the biomass of fish aged 1 year and older and on the spawning-potential
ratio SPR (rows), across the five considered fish life-history types (columns). The shown levels correspond to fished
conditions relative to unexploited conditions. Continuous contours represent relative levels smaller than 1 (greyscale
bar). Dotted contours represent values relative levels >1. All panels are based on considering consumptive anglers
fishing with constant effort and harvesting all harvestable fish caught.
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Biological impacts on less vulnerable LHTs vary
much more among angler populations, despite
being generally less severe, than on more vulnera-
ble LHTs. For example, only certain angler popula-
tions (consumptive, or consumptive and mixed)
overfish perch and brown trout, whereas all angler
populations overfish pike, pikeperch and bull trout
under some regulations. Across the range of regula-
tions examined, consumptive angler populations
reduce the SPR below 0.35 more often than other
angler populations when targeting pikeperch, perch
and brown trout, whereas the trophy-angler popu-
lation had the greatest impact on bull trout, and
impacts on pike are similar for populations of con-
sumptive, trophy and mixed (40%:30%:30%) anglers.
Socially optimal regulations
We also find that socially optimal regulations dif-
fer among LHTs: the optimal minimum-size limit
MSLopt (measured as a fraction of Lmax) increases
with LHT vulnerability, generally being lowest
for perch (23–44% of Lmax, 9–17 cm), followed
by brown trout (29–54%, 15–28 cm), pikeperch
(54–70%, 56–72 cm), pike (52–84%, 61–98 cm)
and bull trout (44–80%, 43–78 cm; Fig. 7a). In
addition, MSLopt varies greatly (over a range
wider than 20% of Lmax) among angler popula-
tions (Fig. 7a): for all LHTs except brown trout,
MSLopt is highest for trophy-dominated angler
populations (composed solely of, or dominated
by, trophy anglers) and lowest for consumptive-
dominated angler populations (defined analo-
gously). For brown trout, MSLopt is highest for
consumptive-dominated angler populations and
lowest for generic-dominated angler populations
(Fig. 7a). For all LHTs, MSLopt values for all
mixed angler populations fall within the ranges
predicted for the three homogeneous angler pop-
ulations.
Figure 6 Impacts of fishing, over a range of minimum-size limits (as a percentage of Lmax), and licence densities, on
the spawning-potential ratio (grey contour areas) and on the annual fishing efforts (h ha1; grey contour curves),
across the five considered fish life-history types (columns) and four different populations of angler types (rows); both
homogeneous (rows 1–3) and mixed angler populations (row 4; with a composition of 40%:30%:30% generic,
consumptive and trophy anglers, respectively). Grey diamonds indicate optimal regulations. All panels are based on
considering anglers responding dynamically to the quality of their fishing experience.
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Unlike MSLopt, the optimal licence density AL,opt
shows no general trend across LHTs, ranging from
0.4 to 0.6 ha1 for most LHTs, but varying
by 0.15–0.20 ha1 among angler populations
(Fig. 7b). One exception to this pattern occurs for
bull trout, for which AL,opt for the consumptive
angler population is very low (0.11 ha1; Fig. 7b).
Despite the general consistency of AL,opt across
LHTs, the highest AL,opt for pikeperch, perch and
brown trout occurs when these LHTs are targeted
by a generic angler population, whereas for pike
and bull trout, AL,opt is highest for the mixed
(40%:30%:30%) angler population (Fig. 7b). On
the other extreme, AL,opt for pike and brown trout
is lowest when exploited by trophy-dominated
angler populations, while for pikeperch, perch and
bull trout, the consumptive-dominated angler pop-
ulations have the lowest AL,opt. Thus, unlike
MSLopt, AL,opt for mixed angler populations can
exceed the range predicted for homogeneous
angler populations.
Conditions under socially optimal regulations
Under socially optimal regulations (MSLopt and AL,
opt), which maximized anglers’ total utility, fish
populations are generally not at risk of recruit-
ment overfishing. The SPR remains above 0.35
across all LHTs and angler populations, except
when bull trout is exploited by solely consumptive
anglers (in which case SPR drops to 0.26; Fig. 7c).
However, SPR under optimal regulations tends to
be lower for LHTs that are generally more vulner-
able, although it varies substantially among angler
populations (Fig. 7c). Across LHTs, SPR is gener-
ally lowest for the solely consumptive angler popu-
lation, except for brown trout, for which the
mixed angler population skewed towards generic
anglers has the lowest SPR (Fig. 7c). The trophy-
dominated angler populations reduce the SPR of
pikeperch, perch and brown trout the least under
optimal regulations, while the mixed (40%:30%:
30%) angler population had the least impact on
(a) (b)
(c) (d) (e)
Figure 7 Predicted optimal regulations, and biological and social conditions under these regulations, for the five
considered fish life-history types. (a) Optimal minimum-size limit (as a percentage of Lmax), (b) optimal licence density,
(c) spawning-potential ratio SPR, (d) total utility and (e) annual fishing effort. Grey symbols correspond to
homogeneous angler populations and black symbols to mixed angler populations (with percentages as shown for
generic, consumptive and trophy anglers, respectively). In (c), a SPR below the dashed line indicates a risk of
recruitment overfishing (SPR < 0.35) and a SPR below the dotted line indicates critical overfishing (SPR < 0.20).
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pike, and the generic angler population had the
least impact on bull trout (Fig. 7c).
The maximum total utility gained by an angler
population varies with LHT and angler population.
Under socially optimal regulations, trophy-domi-
nated angler populations gain the most total
utility and consumptive-dominated angler popula-
tions the least, across LHTs (Fig. 7d). Total utility
tends to be higher and vary less for less vulnerable
LHTs than for more vulnerable LHTs (Fig. 7d),
revealing distinct angler-type-specific LHT prefer-
ences. While total utility is high for all angler pop-
ulations exploiting perch and brown trout, the
total utility gained by trophy-dominated angler
populations tends to increase with LHT vulnerabil-
ity, being highest for bull trout and pike. By con-
trast, the total utility gained by generic-dominated
and consumptive-dominated angler populations is
highest for perch and brown trout and tends to
decline with LTH vulnerability (Fig. 7d).
The annual fishing efforts that the modelled fish-
eries attract under optimal regulations are reason-
able, when compared with the corresponding
ranges reported for the different LHTs in the litera-
ture [e.g. yellow perch (Perca flavescens, Percidae)
3–109 h ha1 (Isermann et al. 2005), pike 38–
91 h ha1 (Pierce et al. 1995) and walleye (Sander
vitreus, Percidae) 29–112 h ha1 (Beard et al.
2003)], potentially being on the high side for some
LHTs [e.g. bull trout, 10–20 h ha1 (Post et al.
2003)]. Like AL,opt, optimal fishing efforts show lit-
tle variation among LHTs (45–70 h ha1 for most
LHTs), but vary more markedly among angler
populations (Fig. 7e). Consequently, optimal
fishing effort shows little relationship with LHT
vulnerability, only differing substantially
(14.2 h ha1) for the consumptive angler popula-
tion targeting bull trout. Across most LHTs, con-
sumptive-dominated angler populations fish less
than the other angler populations under optimal
regulations, except for the trophy-dominated
angler populations fishing for brown trout
(Fig. 7e). Pike, perch and brown trout attract the
most fishing effort from generic-dominated angler
populations, whereas trophy-dominated angler
populations fish more for pikeperch and bull trout
(Fig. 7e). The optimal fishing efforts of mixed
angler populations generally fall within the range
predicted for the three homogeneous angler popu-
lations.
The relative participation of different angler
types in the mixed angler populations shows clear
trends in relation to LHTs under optimal regula-
tions (Fig. 8). These trends occur despite differ-
ences among mixed angler populations in MSLopt
and AL,opt, as well as in the conditions associated
with optimal regulations (e.g. total utility and fish-
ing effort). Regardless of LHT, generic anglers tend
(a) (b) (c)
Figure 8 Relative participation, under optimal regulations, of the three considered angler types – (a) generic,
(b) consumptive and (c) trophy anglers – in four mixed angler populations (indicated by differently shaped symbols)
targeting one of the five considered fish life-history types. Here, relative participation is defined (Table A1, Equation 7c)
as the ratio between the proportion of the fishing effort attributed to an angler type, and the corresponding proportion
of that angler type in the mixed angler population.
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to be underrepresented or proportionally repre-
sented in the total angling effort compared with
their relative abundance in the mixed angler pop-
ulation (ca. 1; Fig. 8a). By contrast, the relative
participation of consumptive anglers decreases
(Fig. 8b), and the relative participation of trophy
anglers increases (Fig. 8c), as LHT vulnerability
increases. Thus, consumptive anglers tend to be
overrepresented when fishing for perch and brown
trout and underrepresented when fishing for pike,
pikeperch and bull trout, whereas trophy anglers
show the opposite pattern, being systematically
attracted to the larger-bodied LHTs.
Sensitivity analyses
We find that MSLopt is generally less sensitive to
changes in life-history parameters than AL,opt
(Tables S5 and S6) and that both are most sensi-
tive to changes in age-at-maturation am, maxi-
mum growth increment hmax and instantaneous
natural mortality rate mna (note, however, that
because the change in am is ±1 year, the relative
change in am is much greater than ±10%). Sensi-
tivity varies across combinations of LHT and
angler type. The robustness of MSLopt and AL,opt
tends to decrease with LHT vulnerability (e.g.
fewer relative changes exceeding 10% for perch
compared with bull trout). The sensitivity of
MSLopt is relatively similar among angler types,
whereas, across all LHTs, AL,opt is more sensitive
to changes in life-history parameters when
exploited by consumptive anglers, followed by tro-
phy anglers and generic anglers.
Despite the sensitivity of optimal regulations to
changes in life-history parameters, predictions
about the biological sustainability of the fishery
under optimal regulations are fairly robust (Table
S7). For pike and pikeperch under optimal regula-
tions, the SPR never drops below 0.35. For perch
and brown trout under optimal regulations, con-
sumptive anglers reduce SPR below 0.35 when
age-at-maturation am is increased, but remains
above 0.35 in all other cases. Similar to our main
results, bull trout under optimal regulations can-
not biologically sustain exploitation by consump-
tive anglers, except when the natural mortality
rate mna is decreased. Angling of bull trout by gen-
eric and trophy anglers also results in SPR values
below 0.35 when am is increased, but remains
above 0.35 in all other cases involving those
angler types.
Discussion
Here, we have used a novel bioeconomic model
developed by Johnston et al. (2010) to integrate
fish life-history diversity, angler diversity and
dynamics and input and output regulations, to
evaluate the importance of jointly considering
these components for determining optimal regula-
tions and the vulnerability of different fish LHTs to
recreational overfishing. Our study is the first to
systematically investigate the response of different
LHTs in an integrated framework using realistic
assumptions about distinct angler types and their
dynamic responses to changes in fishing quality.
Therefore, our study addresses recent calls for
more integrative analyses in recreational fisheries
(Fenichel et al. 2012).
We find that LHTs are crucially important for
determining the vulnerability of recreational fish
populations to recruitment overfishing. LHTs dif-
ferentially affect the fishing-participation decisions
of angler types. We also find that because angler
types differ in their effort dynamics and fishing
practices, the angler population’s composition
influences the biological impacts of fishing on
LHTs. These complex feedbacks between fish LHTs
and angler populations result in large variations,
across both LHTs and angler populations, in regu-
lations that maximize social welfare. For example,
more vulnerable LHTs in our model tend to have
higher optimal maximum-size limits MSLopt than
less vulnerable LHTs, and as a second example,
trophy anglers generally prefer the highest MSLopt
for a given LHT, while consumptive anglers prefer
the lowest. Yet, despite differences in regulations
that achieved optimal social yield OSY, our model
predicts optimal regulations to result in biologi-
cally sustainable exploitation for all LHTs, except
when bull trout are exploited solely by consump-
tive anglers. A management approach based on
social objectives (e.g. OSY), rather than one based
solely on biological objectives (e.g. maximum sus-
tainable yield), can thus facilitate biologically sus-
tainable exploitation. This is because biological
objectives are inherently part of the social-welfare
metric, through their effects on catch-related util-
ity attributes.
Results of our study underscore the importance
of considering all three components of a recrea-
tional fishery – LHTs, angler types and manage-
ment regulations – in an integrated framework
when predicting sustainable management strategies
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for recreational fisheries. Simplification of any of
these components may lead to erroneous predic-
tions about fish-angler dynamics, which may
result in socially suboptimal management and/or
biological collapse.
LHT vulnerability to overfishing
Life-history traits are important for determining
the vulnerability of fish populations to overfishing
(Reynolds et al. 2001; Rose et al. 2001; Winemil-
ler 2005). Thus, it is not surprising we have found
differences in the susceptibility of LHTs to recrea-
tional exploitation. Numerous studies suggest that
fish with certain life-history characteristics (i.e.,
late maturation, large maximum size, low popula-
tion growth rate) are prone to experience greater
population declines from fishing than others (Jen-
nings et al. 1998; Reynolds et al. 2001; Dulvy
et al. 2003); our model-based results are in gen-
eral agreement with those empirical findings.
Specifically, we find that the naturally less
abundant and large-bodied LHTs in our model
(bull trout, pikeperch and pike) experience more
severe population declines in response to recrea-
tional angling than the naturally more abundant
and smaller-bodied LHTs (perch and brown trout)
which can sustain greater fishing mortality. In
fact, in agreement with warnings by Post et al.
(2003) about the extreme susceptibility of bull
trout to overfishing, we find that bull trout
requires MSLs approaching complete catch-and-
release fishing, to sustain even low fishing efforts.
Thus, our results corroborate other studies (Jen-
nings et al. 1998; Reynolds et al. 2001; Dulvy
et al. 2003) suggesting that maximum body size is
correlated with vulnerability to over-exploitation
by fishing. Furthermore, our results show that
indicators such as unexploited abundance, maxi-
mum recruitment and potentially also size-at-mat-
uration (although this may simply be a correlate
of maximum body size) could also be useful for
identifying fish populations susceptible to overfish-
ing, where information on those indicators is
available. Moreover, our results suggest that age-
at-maturation, fecundity and natural mortality are
not likely to be good indicators of vulnerable
LHTs, contrary to earlier suggestions (Jennings
et al. 1998; Reynolds et al. 2001).
The differences among LHTs in vulnerability to
overfishing relate in part to their overall produc-
tivity and their abilities to compensate for fishing-
related mortality through density-dependent gains
in survivorship and/or reproductive success (Rose
et al. 2001). This ability depends on species’ life-
history characteristics and on the strength and fre-
quency of the density-dependent processes to
which they are adapted (Rose et al. 2001; Winem-
iller 2005; Goodwin et al. 2006). For example,
density-dependent survival during early life stages,
which is common in many fish species (Myers
et al. 1995), influences a population’s ability to
offset fishing mortality (Rose et al. 2001; Goodwin
et al. 2006; Lorenzen 2008). At high population
densities, even overcompensation can occur (e.g.
in the form of a Ricker stock–recruitment relation-
ship), owing to cannibalism, density-dependent
disease transmission or spawning interference
(Ricker 1954a; Hilborn and Stokes 2010). This
means that with reductions in spawning, stock
recruitment initially rises before declining (Hilborn
and Stokes 2010). In our model, perch experiences
large gains in recruitment because of overcompen-
sation when egg production is reduced by fishing,
ultimately resulting in an increase in population
density. Overcompensation and cannibalism have
been reported for this species (Ohlberger et al.
2011). Overcompensation for low fishing mortality
also occurs for brown trout, but not when fishing
effort, and thus mortality, increases under liberal
MSLs. All other LHTs, even highly fecund pike-
perch, are unable to replace, through compensa-
tory population growth, individuals removed by
fishing. In addition to this relatively low compen-
satory potential, the greater vulnerability of these
naturally less abundant and larger-bodied LHTs to
over-exploitation reflects the low maximum
recruitment and population density (Table 1) of
these top predators relative to perch and brown
trout.
When considered alone, stock–recruitment rela-
tionships can underestimate population responses
to fishing (Rochet et al. 2000; Rose et al. 2001;
Rose 2005), even though they strongly influence
the compensatory potential of exploited popula-
tions, because other density-dependent processes
may co-determine those responses (Rose et al.
2001; Rose 2005; Lorenzen 2008). For example,
density-dependent growth, which is included in
our model, can alter a population’s compensatory
potential, because fish size influences fecundity,
maturation and survival (Rose et al. 2001; Rose
2005; Lorenzen 2008). However, stock–recruit-
ment relationships are likely more important than
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density-dependent growth for determining the
compensatory potential of heavily exploited popu-
lations (Lorenzen 2008). Indeed, the reductions in
biomass and SPR we observe across LHTs in our
model underscore that density-dependent changes
in size-at-age cannot compensate fully for density
losses caused by high fishing mortality. Density-
dependent changes in fecundity, maturation and
reproductive frequency and fisheries-induced evo-
lutionary changes are not considered in our study,
but could also be important for determining a fish
population’s response to exploitation (Rochet et al.
2000; Rose et al. 2001; Jørgensen et al. 2007).
We therefore recommend that model extensions
aim at including all salient processes influencing a
population’s compensatory potential.
It has been suggested that, in the absence of
detailed information, qualitative ‘rules of thumb’
based on the life-history characteristics of exploited
fish populations could aid fisheries managers in
identifying those populations that are most vulner-
able to overfishing (Reynolds et al. 2001; Winemil-
ler 2005). For example, according to Winemiller
and Rose’s (1992) classification scheme, ‘periodic
strategists’ (featuring high fecundity, late matura-
tion and low juvenile survival) are predicted to
exhibit the highest resilience to fishing, whereas
‘equilibrium strategists’ (with low fecundity, late
maturation and high juvenile survival) should
have lower resilience (Winemiller and Rose 1992;
Winemiller 2005). Our results regarding the
extreme vulnerability of bull trout, a salmonid
likely classified as intermediate between periodic
and equilibrium strategists (Winemiller and Rose
1992), and indeed its current status – ‘vulnerable’
in the IUCN’s Red List (Gimenez Dixon 1996), and
‘threatened’ in coterminous USA (US Fish and
Wildlife Service 2010), provide some support for
these predictions, as do our findings related to
pike, pikeperch, perch and brown trout, which are
all broadly classified as periodic strategists (Rose
et al. 2001; Vila-Gispert and Moreno-Amich 2002)
and are all listed as species of least concern (Frey-
hof and Kottelat 2008a,b,c; Freyhof 2011).
However, our results caution that coarse life-his-
tory classifications, such as Winemiller and Rose’s
(1992), risk obscuring important life-history differ-
ences that exist within the broadly defined strate-
gies (Rose et al. 2001): as we have shown here,
these life-history differences can substantially influ-
ence vulnerability to over-exploitation. For exam-
ple, despite four of our LHTs being classified as
periodic strategists (Vila-Gispert and Moreno-
Amich 2002), we found pike and pikeperch to be
much more vulnerable to recruitment overfishing
than brown trout or perch. Indeed, pike and wall-
eye, a congeneric of pikeperch, have been shown
to be highly vulnerable to over-exploitation by rec-
reational angling (e.g. Post et al. 2002). Declines
in brown-trout stocks as a result of recreational
fishing have also been documented (e.g. Al-
modóvar and Nicola 2004). Thus, in the absence
of more detailed information, body size and life-
history classification can provide directions for
identifying LHTs vulnerable to overfishing. How-
ever, the present study and other work (Rose
2005; Coggins et al. 2007) suggest that, where
possible, a quantitative modelling approach should
be used to provide more robust predictions about
the response of different LHTs to recreational
angling.
Angler dynamics
When predicting the impacts of recreational fish-
ing, one needs to consider not only fish life his-
tory but also the preferences and dynamics of
anglers utilizing a fishery (Post et al. 2003; John-
ston et al. 2010). Our results show that dynamic
angler behaviour, regardless of angler type, does
not alter the general trend in vulnerability to
recruitment overfishing across LHTs our model
predicts for constant consumptive fishing effort:
with and without dynamic angler behaviour, bull
trout are most vulnerable and perch are least vul-
nerable to fishing-induced SPR declines. Yet, the
composition of the angler population and its effort
dynamics are important for determining the mag-
nitude of the impact angling has on LHTs in our
model.
We find that differences in fishing practices (skill
levels, propensity for voluntary catch-and-release,
fish size targeted; Table S3) among angler types
influence catch and harvest rates. Under liberal
MSLs, consumptive anglers have greater impacts
than other anglers types on less vulnerable LHTs
in our model (perch and brown trout), because
catch rates of these naturally abundant LHTs (e.g.
maximum 11.3, 20.0, 15.0 harvestable-sized
perch per day and 5.5, 8.6, 7.7 harvestable-sized
brown trout per day for generic, consumptive and
trophy anglers, respectively) are generally high,
and consumptive anglers harvest all legal-sized
fish caught (i.e., fish are not voluntarily released).
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On the other hand, trophy anglers in our model,
while also enjoying high catch rates, only harvest
one fish every second day. Thus, a large disparity
in harvest rates results among angler types. By
contrast, catch rates of naturally less abundant
LHTs, bull trout and pike in our model (with a
maximum of 0.17, 0.19, 0.14 harvestable-sized
bull trout per day and 0.55, 0.75, 0.80 harvest-
able-sized pike per day for generic, consumptive,
and trophy anglers, respectively) are generally low
and thus do not allow a similar disparity in har-
vest rates to develop. In our model, catch rates of
harvestable fish often do not exceed even the con-
servative personal daily harvest limits set by tro-
phy anglers, similar to reports for regulated daily
bag limits (Cook et al. 2001). This implies that
regulated daily bag limits may also have little
effect, unless they are low enough to be achieved.
Voluntary release by any angler type rarely occurs
in our model and therefore is less important for
determining the fishing impacts on the more vul-
nerable LHTs. Instead, the variation in the impact
of anglers on those more vulnerable LHTs emerges
through differences in angler behaviour and thus
fishing effort.
In addition to harvesting practices, dynamic
angler behaviour also determines angling impacts
on LHTs. First, regardless of angler type, and
despite substantial declines in fish abundances and
catch rates under liberal harvest regulations, some
anglers continued to be attracted to the modelled
fishery. This has the potential to collapse fisheries
(Post et al. 2002), demonstrating the importance
of considering multi-attribute angler behaviour in
recreational fisheries models (see also Johnston
et al. 2010), rather than assuming that catch
rates alone dictate the fishing decisions of anglers
(e.g. Cox et al. 2003). Second, our results show
how differences in behaviour among angler popu-
lations, because of angler-type-specific fishing pref-
erences, alter angling impacts, in some cases
leading to counterintuitive outcomes. For example,
despite the tendency of trophy anglers to practice
voluntary catch-and-release (Arlinghaus et al.
2007), across LHTs, populations of trophy anglers
reduce the SPR more than other angler popula-
tions under moderate to restrictive MSLs. This
reflects that more specialized anglers often prefer
or tolerate restrictive harvest regulations (Aas
et al. 2000; Oh and Ditton 2006; Arlinghaus et al.
2007) and respond to them differently than other
anglers (Beard et al. 2003). Thus, under con-
strained harvest conditions, while the angling
efforts by consumptive and generic anglers
declined, in our models, effort by trophy anglers
remains high, resulting in trophy anglers killing
more fish than other angler types. In some cases,
this mortality is sufficient to put populations at
risk of recruitment overfishing (e.g. for bull trout
with licence densities exceeding 0.7 ha1), even
under total catch-and-release regulations.
Our results thus support claims that discard
mortality can substantially impact the biological
sustainability of some fisheries (Coggins et al.
2007). In combination, the fishing practices and
fishing preferences of trophy anglers, counterintu-
itively, result in their having the greatest overall
impact on bull trout among all studied angler pop-
ulations. These findings highlight that, to prevent
unexpected results, managers and researchers
need to better understand the types of anglers uti-
lizing a fishery, as well as the dynamics resulting
from their differential practices and preferences, to
achieve more robust predictions about recrea-
tional-fishing impacts. Where sufficient informa-
tion is available, our modelling approach can be
used to explore implications of management
changes prior to their enactment, so as to help
select practically implemented management
changes based on their efficacy.
Optimal management
In our model, differences in LHT vulnerability and
fish-angler interactions influence the regulations
that maximize an angler population’s total utility,
measured in terms of OSY. For example, although
the optimal density AL,opt of licences does not show
a general trend with LHT vulnerability, MSLopt
has a strong tendency to increase with LHT vul-
nerability (with MSLopt being generally most lib-
eral for perch and most restrictive for bull trout).
Minimum-size limits are often set in recreational
fisheries to be as low as possible (so as to maximize
harvest) while allowing fish to spawn at least once
(Johnson and Martinez 1995; Diana and Smith
2008). This tactic, however, may not be appropri-
ate for all species. Whereas low MSLs may be suit-
able for perch, MSLs for pike – set at, for example,
46–76 cm in North America (Paukert et al. 2001)
– are often below, or at the lower margin of, the
range of MSLopt predicted by our model (61–
98 cm). Our findings thus suggest that species-spe-
cific considerations when setting MSLs could gen-
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erate greater social benefits from a fishery, support-
ing concerns that ‘one size fits all’ policies may
erode ecological and social resilience (Carpenter
and Brock 2004). The increase in MSLopt with vul-
nerability suggests that unexploited abundance,
maximum recruitment, maximum body size and
potentially also size-at-maturation (if known) can
aid managers in setting more socially advanta-
geous MSLs, because of the correlation of those
indicators with vulnerability.
Accounting not only for LHTs but also angler
diversity, however, is crucially important when
establishing management regulations (Radomski
et al. 2001; Johnston et al. 2010). In agreement
with findings that more specialized anglers are
more tolerant of restrictive harvest regulations
(Aas et al. 2000; Oh and Ditton 2006), MSLopt in
our model, as a general rule, tends to be lowest for
consumptive-dominated angler populations and
highest for trophy-dominated angler populations.
However, in the case of brown trout, consumptive-
dominated angler populations have the highest
MSLopt, whereas generic-dominated angler popula-
tions have the lowest. The reason for this finding is
that the greater harvest orientation and skill level
of consumptive anglers relative to generic anglers
require a higher MSL to maintain a sustainable
fishery for consumptive anglers. On the other
hand, the less-consumptive generic anglers can fish
with high effort under the more liberal harvest reg-
ulations they preferred, because of the relatively
productive nature of brown trout.
Angler population composition is also important
for determining the optimal density AL,opt of li-
cences, including subtle interactions with LHT dif-
ferences. For example, we find that the generic
angler population exhibit the highest AL,opt when
LHT vulnerability is low, whereas mixed angler
populations have an even higher AL,opt when LHT
vulnerability is high (as it is, e.g., for pike and bull
trout). This result highlights the importance of
considering the complex interplay among angler
types within an angler population.
More broadly, our findings support suggestions
that managing for diverse angling opportunities
could better conserve fish populations and increase
the social welfare provided by a fishery (e.g. Aas
et al. 2000; Carpenter and Brock 2004; Johnston
et al. 2010). Given that angler types generally dis-
play consistent preferences for optimal regulations,
some knowledge of the angler population could
assist managers with meeting this challenge. How-
ever, as our previously discussed results under-
score, management decisions should be based on
both the life history of an exploited fish population
and the diversity of interests in the corresponding
angler population (e.g. Diana and Smith 2008).
Of relevance for managers faced with the chal-
lenge of maximizing angler satisfaction and partic-
ipation while maintaining a viable fishery
(Radomski et al. 2001; Cox and Walters 2002;
Peterson and Evans 2003) is our promising result
that adopting a socially optimal approach (based
on OSY) to recreational fisheries management
achieves both objectives. Specifically, SPR in our
model is maintained above 0.35 except for bull
trout, a LHT that because of its extreme vulnera-
bility to overfishing cannot biologically sustain a
satisfied solely consumptive angler population
under optimal regulations. In most cases, how-
ever, managing for OSY is more likely to achieve
management objectives and result in lower fishing
mortality than managing for maximum sustain-
able yield (Radomski et al. 2001), because a viable
recreational fishery provides social and cultural
benefits that are not measured by yield alone (Ro-
edel 1975; Malvestuto and Hudgins 1996). Not-
withstanding these findings, given the decrease in
SPR that occurs in our model with increased LHT
vulnerability under optimal regulations, a precau-
tionary approach should be adopted when setting
optimal regulations for naturally more vulnerable
LHTs.
Emergent LHT preferences
A final key finding of this study is the emergent
preferences of angler types for particular LHTs. For
example, generic and consumptive angler popula-
tions tend to gain more total utility from less vul-
nerable LHTs than from more vulnerable LHTs,
creating an emergent preference for the naturally
more abundant and smaller-bodied LHTs. By con-
trast, the total utility of populations of trophy
anglers tends to increase with LHT vulnerability,
creating an emergent preference for the naturally
less abundant and larger-bodied LHTs. These
trends occur despite standardizing anglers’ PWU
baseline expectations for life-history differences in
fish size and abundance. The social welfare pro-
vided by perch is high for all angler populations,
because perch can maintain high relative catch
rates even when fishing mortality is high under
liberal MSLs. However, relatively low catch rates
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and aversions to restrictive regulations made the
more vulnerable LHTs (pike, pikeperch and bull
trout) less attractive to consumptive or generic
anglers. Trophy anglers, by contrast, prefer the
naturally less abundant and larger-bodied bull
trout and pike, because of their tolerance for
restrictive regulations and their ability to catch
relatively larger fish. The greater average and
maximum relative size achieved for these LHTs
likely results from stronger density dependence in
growth and reduced truncation of the size distribu-
tion under restrictive MSLs. These novel findings
suggest that the intrinsic life history of fish popula-
tions strongly influence which species or LHTs an
angler type prefers. Indeed, in support of these
results, Beardmore et al. (2011) found that more
specialized, trophy-oriented German anglers were
particularly attracted to larger-bodied species such
as pike.
One implication of angler-type-specific LHT pref-
erences is that the socially optimal management of
a given recreational fishery may systematically
exclude or attract certain angler types. For exam-
ple, as LHT vulnerability increases, the relative
participation of trophy anglers in our modelled
mixed angler populations under optimal regula-
tions also increases, and the reverse is true for
consumptive anglers. These trends occur despite
large differences in the optimal regulations under-
lying them. Therefore, depending on the social
welfare measure used (Johnston et al. 2010), man-
aging for OSY may come at a greater cost to cer-
tain angler types than others, which might lead to
conflict among different segments of the angling
community (Loomis and Ditton 1993; Arlinghaus
et al. 2007). However, our modelling approach
can be used by managers to identify likely conflict
situations, and it provides them with a tool for
transparently illustrating the benefits of regulation
changes to the angler community as a whole. Fur-
thermore, understanding which angler types will
be attracted to specific LHTs will aid managers in
setting appropriate socially optimal regulations.
Limitations and extensions
While the present study provides important
insights into the interplay between fish popula-
tions, anglers and management measures, there
are several limitations to our work, and resultant
opportunities for extensions, that deserve to be
highlighted. A first set is related to angler dynam-
ics, while a second set is related to fish dynamics;
we now discuss these in turn.
First, our model constitutes a single-species, sin-
gle-lake model omitting a regional perspective and
multispecies interactions. Movement among vari-
ous fisheries in a landscape (Post et al. 2008; Hunt
et al. 2011; Post and Parkinson 2012), or a multi-
species fishery (Worm et al. 2009), could affect the
outcomes presented here. Extending our model to
include multispecies interactions or a spatial com-
ponent of lakes connected by mobile anglers would
be interesting avenues to pursue in future studies.
Second, by standardizing the baseline expecta-
tions of angler types for LHT differences in body
size and abundance, we have assumed that
angler-type-specific PWU functions are identical
across LHTs. However, although B. Beardmore,
W. Haider, L.M. Hunt and R. Arlinghaus (unpub-
lished data) found no significant differences in the
relative preferences (e.g., standardized for catch
rate and body size) of different German angler
types for several species, it is still possible that the
preferences of angler types may differ among spe-
cies. Species-specific or even regional differences in
the utility functions of anglers could result in
lower fishing effort under optimal regulations than
those predicted in this study.
Third, we did not include inverse density-depen-
dent catchability in our model. The existence of
such a relationship could strongly affect the
threshold effort that leads to severe overfishing
(Hunt et al. 2011). Thus, the omission of density-
dependent catchability may make our model
results overly optimistic, by underestimating the
risk of collapse for some species.
Fourth, other harvest regulations, such as daily
bag limits, could potentially alter our study’s pre-
dictions, by minimizing the disparity in fishing
mortality imposed by different angler types. For
example, our model may overemphasize the fish-
ing impacts of consumptive anglers relative to
other angler types, because the former are
assumed to harvest all fish caught. However, this
bias would only be relevant for the less vulnerable
LHTs examined here, for which catch rates greatly
exceed voluntary-release thresholds, and more-
over, only when regulated bag limits are set low
enough that catch rates can exceed them with suf-
ficient frequency. For example, in many places
anglers are allowed to harvest as many as 25 yel-
low perch per day, or even more (Isermann et al.
2007), while the maximum achieved catch rate in
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our model was 21.5 fish per day. For the more
vulnerable LHTs we have examined, angler types
rarely manage to catch even the most conserva-
tive daily quota (personal or regulated), resulting
in harvest rates that are similar among angler
types. Thus, as suggested in the literature (Cook
et al. 2001), anglers are often not limited by daily
bag limits: they harvest less fish than their daily
bag limit would allow, either because they volun-
tarily choose not to harvest so many fish or
because they do not manage to catch their daily
limit. Nevertheless, the inclusion of daily bag limits
might still alter the effort dynamics of anglers in
our model, either through regulation aversions
(Beard et al. 2003) or through resultant changes
in fish population dynamics, which would there-
fore make an interesting extension for future
research.
Other limitations of our model relate to fish
dynamics. First, our results are based on the param-
eterization of a single-species system without any
consideration of food-web interactions. Thus, for
more realistic predictions about a specific fishery,
the model will need to be calibrated appropriately.
However, the purpose of this work has been to
encompass a range of LHTs experienced by anglers,
rather than to model any one specific population.
Second, as previously highlighted, some realistic
density-dependent processes resulting from pheno-
typic plasticity (e.g. in maturation), which could
be important for determining a LHT’s compensa-
tory (Rochet et al. 2000) potential and thus its
predicted vulnerability, were not included in our
model. In addition, we did not account for any
harvest-induced evolutionary changes in life-his-
tory traits (e.g., Jørgensen et al. 2007) that might
influence a species’ response to fishing, for exam-
ple, through changes in its reproductive ecology
(Enberg et al. 2010). Plastic or genetic changes
that result in earlier maturation at smaller sizes,
for example, could allow a fish population to with-
stand higher fishing pressure, especially the larger-
bodied, more vulnerable LHTs. Such changes
would often also influence angler behaviour, by
altering the perceived quality of a fishery, for
example, if mean fish size declined.
Third, unaccounted changes in demographic
structure, through juvenescence or size-dependent
maternal effects, could alter reproductive potential
and population stability (Anderson et al. 2008; Ar-
linghaus et al. 2010; Hsieh et al. 2010). Size-
dependent maternal effects would likely have more
of an influence on LHTs that have lower propor-
tions of adults in the population and fewer first-
time spawners in the mature population (e.g. bull
trout; Table 1), as well as on the more vulnerable
LHTs. The impacts reported here are likely to be
conservative if large females are preferentially
removed by fishing and size-dependent maternal
effects impair recruitment at low fish population
abundance.
The influences of phenotypic plasticity, fisheries-
induced evolution and maternal effects on predic-
tions about optimal regulations would be fascinat-
ing to examine, but were beyond the scope of the
present study. Future research should also investi-
gate alternative regulations, for example, slots-
length limits designed to protect large spawners
(Arlinghaus et al. 2010).
Conclusions
Our study, to our knowledge, is the first to use an
integrated modelling approach, based on theories
from ecology, economics and human-dimensions
research, to systematically investigate how fish
life-history and angler types influence the vulnera-
bility of fish populations to recreational overfishing
and the behaviour of angler populations exploiting
them. Using such an approach has revealed some
unexpected results and some general patterns that
could not have been exposed if the interplay
between fish populations, anglers and manage-
ment measures had not been considered. We have
also shown that socially optimal management gen-
erally achieves both social and biological sustain-
ability, a result that can be taken as encouraging
for recreational fisheries managers. In combina-
tion, our results demonstrate the benefit of inte-
grating the traditionally separate fields of fisheries
ecology and social sciences to facilitate the sus-
tainable management of recreational fisheries. In
this context, our results caution that managing all
species according to the same rationale may result
in the loss of social welfare and put fish popula-
tions at risk of over-exploitation.
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Appendix




Ufj ¼ U0j þ Ucj þ Usj þ Uxj
þ Uaj þ Urj þ Uoj
Conditional indirect utility gained by an angler of type j from
choosing to fish (where U0j is the basic utility gained from
fishing, Ucj is the PWU of daily catch, Usj is the PWU of average
size of fish caught annually, Uxj is the PWU of maximum size of fish
caught annually, Uaj is the PWU of angler crowding, Urj is
the PWU of minimum-size limit, and Uoj is the PWU of annual
licence cost)
Angler-effort dynamics
2a p f j ¼ expðÛf j Þ=½expðUnÞ þ expðÛf j Þ Probability an angler of type j chooses to fish, over the alternative
to not fish (where Ûf j applies to the previous year and Un is
the utility gained from not fishing)
2b pFj ¼ ð1 uÞpf j þ up̂F j Realized probability an angler of type j chooses to fish
(where p̂F j applies to the previous year)
2c Dj = pFj Dmax Number of days an angler of type j chooses to fish during a year
2d AL j = ρjAL Density of licensed anglers of type j
2e Ej = DjALjΨ Total annual realized fishing effort density by anglers of type j
2f ejt ¼
Ej=SF if t SF
0 if t > SF










NaWa Total fish biomass density
Growth
4a h = hmax/[1 + Btotal /B1/2] Maximum annual growth of a fish dependent on the total
fish biomass density at the beginning of the year
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4b pa ¼ 1
G
3þG ð1þ La0=hÞ if a am  1
1 if a < am  1

Proportion of the growing season during which a fish
of age a allocates energy to growth
4c gat ¼ h=SG if t  paSG0 if t > paSG

Instantaneous growth rate in length of a fish of age a at time t
4d Lat = La0 + gatt Length of a fish of age a at time t
4e Wat ¼ wLlat Mass of a fish of age a at time t
Reproduction
5a Ra ¼ dWatRGSI=We if aam0 if a < am

Annual fecundity of a female of age a given their
mass at time tR
5b b ¼ U Pamax
a¼am
RaNa Annual population fecundity density (pulsed at the
beginning of the year)
5c Beverton–Holt: s0 = aBH/(1 + bBHb)
Ricker: s0 = aRexp(bRb)
Survival probability from spawning to post-hatch of fish
of age 0 (applied at the beginning of the year)
5d N0 = s0b Density of fish of age 0 at the beginning of the year
Mortality
6a vajt ¼ ½1þ expðyðLat  L50j ÞÞ1 Proportion of fish of age a that are vulnerable to capture
by anglers of type j at time t
6b L50 = zj Lmax + Lshift Size at 50% vulnerability to capture
6c cajt = qj ejt vajt Instantaneous per capita catch rate of fish of age a by
anglers of type j at time t
6d Hajt ¼ 1 ifLat MSLfnj ifLat < MSL

Proportion of fish of age a that are harvestable by




cajtNaHajt Instantaneous catch rate of fish that are harvestable by
anglers of type j at time t
6f CHjt = min (Cjt, cmaxjejt/Ψ) Instantaneous harvest rate by anglers of type j at time t
6g fHjt ¼ CHjt=Cjt þ fhj ðCjt  CHjt Þ=Cjt Proportion of harvestable fish killed by anglers of type j at time t
6h mfajt = fHj t cajt Hajt + fhj cajt(1 −Hajt) Instantaneous per capita fishing mortality rate of fish
of age a from anglers of type j at time t
6i dat ¼ mna þ
P
j
mfajt Instantaneous per capita mortality rate of fish of age a at time t
6j dNa=dt ¼ datNa Instantaneous rate of change in the density of fish of age a at time t
Response variables
7a SPR = bF/bU Spawning-potential ratio ( = annual population fecundity
density bF under fishing relative to annual population




Ufj DjALj Annual total utility





Relative participation of anglers of type j in a mixed angler population
Variables are listed in Table A2. Parameter values and their sources for the fish life-history types studied here are listed in Table
S1. Equations for part-worth-utility (PWU) functions are given in Table S2. Parameters describing angler types and PWU functions
are specified in Table S3.
Table A2 Model variables. Bioeconomic model equations are listed in Table A1, and parameters for life-history types
are listed in Table S1. Angler types and their dynamics are specified in Tables S2 and S3.
Symbol Description (unit, where applicable) Value or range
Index variables
t Time within the year (years) 0.0–1.0
a Age class (years) 0–amax
j Angler type generic; consumptive; trophy
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Table A2 Continued.
Symbol Description (unit, where applicable) Value or range
Angling regulations
MSL Minimum-size limit (cm) 0–Lmax
AL Licence density ( = number of licences issued for a given area) (ha
1) 0–1
Age-structured fish population
Na Density of fish of age a (ha
1) 0–∞
La0 Length of fish of age a at the beginning of a year (cm) 0–Lmax
Supporting Information
Additional Supporting Information may be found
in the online version of this article:
Table S1. Parameters, with their units, values,
and sources, for the five modelled fish life-history
types (LHTs).
Table S2. Equations for angler part-worth-util-
ity (PWU) functions, standardized for fish life-his-
tory type.
Table S3. Parameters, with their units and val-
ues, for the three modelled angler types (generic,
consumptive, and trophy anglers).
Table S4. LHT-dependent baseline values for
fishery attributes used in part-worth-utility func-
tions.
Table S5. Sensitivities of predicted optimal min-
imum-size limits to changes (±10%) in life-history
parameters of different fish life-history types
exploited by homogeneous populations of generic,
consumptive, or trophy anglers.
Table S6. Sensitivities of predicted optimal
license densities to changes (±10%) in life-history
parameters of different fish life-history types
exploited by homogeneous populations of generic,
consumptive, and trophy anglers.
Table S7. Predicted spawning-potential ratios
(SPRs) under optimal minimum-size limits and
license densities resulting from changes (±10%) in
life-history parameters of different fish life-history
types exploited by homogeneous populations of
generic, consumptive, and trophy anglers.
Data S1. Parameterization of density-dependent
somatic growth and stock-recruitment relation-
ships.
Please note: Wiley-Blackwell are not responsible
for the content or functionality of any supporting
materials supplied by the authors. Any queries
(other than missing material) should be directed to
the corresponding author for the article.
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Equations for part-worth-utility functions 
Table S2. Equations for angler part-worth-utility (PWU) functions, standardized for fish life-
history type. Parameters are listed in Table S3, and baseline values are listed in Table S4. 
 Equation Description 
 Standardized fishery attributes 
S1a D Do De/ 1c C C= Ψ −  (*) Standardized relative daily catch 
S1b 
o e/ 1l L L= −  (*) Standardized relative average size of fish caught 
annually 
S1c x x o x e/ 1l L L= −  (*) Standardized relative maximum size of fish caught 
annually 
S1d L F/ (365 )j j
j
A D A Sφ=∑  Observed average number of anglers fishing in a 
day (Table A1, equation 2c) 
S1e max/r MSL L=  Standardized minimum-size limit MSL  
S1f o eo O O= −  (*) Standardized relative annual license cost 
 Part-worth-utility (PWU) functions 
S2a 2
c 1 D 2 Dj j jU u c u c= +  PWU of daily catch 
S2b 













 ≥= − <
 
PWU of maximum size of fish caught annually 
S2d 2
a 6 7 8j j j jU u A u A u= + +  PWU of angler crowding 
S2e 2r 9 10 11j j j jU u r u r u= + +  PWU of minimum-size limit MSL  
S2f o 12j jU u o=  PWU of annual license cost 
* oO  is the observed annual fishing license cost, DoC  is the observed average daily catch, oL  
is the observed average size of fish caught annually, and x oL  is the observed maximum size 





Parameters for angler types 
Table S3. Parameters, with their units and values, for the three modelled angler types 
(generic, consumptive, and trophy anglers). Where a single parameter value is given, it is 
used for all three angler types. The referenced equations are listed in Table A1 and Table S2. 
Symbol Description (unit, where applicable) Equation Value 
(generic; consumptive; 
trophy) 
 Fishing practices   
y  (*) Steepness of size-dependent 
vulnerability curve 
6a 0.36 
jz  (*) Size as a proportion of maxL  used 
when calculating the size 50L  at 
which 50% of the fish are vulnerable 
to capture 
6b 0.18; 0.18; 0.28 
shiftL  
Constant used to when calculating 
the size 50L  (cm) 
6b 10 
jq  Catchability reflecting skill level (ha 
h-1)  
6c 0.011; 0.020; 0.025 
max jc  Desired average number of fish an 
angler will harvest daily 
6f 2; ∞ ; 0.5 
hjf  Proportion of fish dying from 
hooking mortality 
6g, 6h 0.05 
njf  Proportion of fish below the 
minimum-size limit MSL  harvested 
illegally 
6d 0.05 
 Angler population   
jρ  Proportion of angler population 
composed of anglers of type j  
2d, 7c non-mixed: 1.0 for one j ; 
0.0 for the others 
mixed-0: 0.4; 0.3; 0.3 
mixed-1: 0.70; 0.15; 0.15 
mixed-2: 0.15; 0.70; 0.15 
113
mixed-3: 0.15; 0.15; 0.70 
 Angler-effort dynamics   
nU  Conditional indirect utility gained by 
an angler from choosing not to fish 
2a 0 
ϕ  Persistence of fishing behaviour (= 
relative influence of last year’s 
realized fishing probability on the 
current year’s realized fishing 
probability) 
2b 0.5 
maxD  Maximum number of days that an 
angler would fish per year 
irrespective of fishing quality 
2c 40 
Ψ  Average time an angler will fish in a 
day (h) 
2e, 6f, S1a 4 
φ  Lake area (ha) S1d 100 
FS  Annual duration of fishing season 
(y) 
2f, S1d 9/12 
 Part-worth-utility functions   
0 jU  Basic utility gained by an angler of 
type j  from choosing to fish 
1 -0.405; 0.000; 0.405 
1 ju  PWU linear coefficient S2a 0.968; 1.318; 0.825 
2 ju  PWU quadratic coefficient S2a -0.121; -0.220; -0.206 
3 ju  PWU linear coefficient S2b 2.476; 3.389; 4.394 
4 ju  PWU constant coefficient S2b 0.000; 0.000; -0.220 (†) 
5 ju  PWU quadratic coefficient S2c 9.414; 6.878; 12.207 
6 ju  PWU linear coefficient S2d 0.244; 0.149; 0.136 
7 ju  PWU quadratic coefficient S2d -0.031; -0.025; -0.034 
114
8 ju  PWU constant coefficient S2d 0.610; 0.396; 0.712 
9 ju  PWU linear coefficient S2e 2.321; 3.766; 2.534 
10 ju  PWU quadratic coefficient S2e -3.869; -9.414; -2.534 
11 ju  PWU constant coefficient S2e 0.271; 0.471; -0.228 
12 ju  PWU linear coefficient S2f -0.015; -0.011; -0.008 
* Predicted vulnerability values are in fairly good agreement with empirical information for 
similar species, e.g.:, yellow perch at 27 cm is 100% vulnerable (Wilberg et al., 2005), 
compared with 95% for European perch in our model; rainbow trout at 30-35 cm is 100% 
vulnerable (van Poorten and Post, 2005), compared with 96%-99% for brown trout in our 
model; pike at 55 cm is 100% vulnerable (Arlinghaus et al., 2009), compared with 100% for 
pike in our model; bull trout at 35 cm is 100% vulnerable (Paul et al., 2003), compared with 
90% for bull trout in our model. 
† The intercept 4 ju , from the PWU function of average size of fish caught annually, for 
trophy anglers represents a 5% increase of the average-size baseline value relative to that of 
generic and consumptive anglers. This reflects the fact that more specialized anglers have 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Parameterization of density-dependent somatic growth 
To parameterize the density-dependent growth relationships (Table A1, equation 4a), 
empirical length-at-age data and biomass-density data from various studies were used to 
estimate the maximum annual growth increment maxh , the total fish biomass density 1/2B  at 
which the growth increment is halved, and the annual reproductive investment G , by 
minimizing the corresponding sums of squares (using the Solver® function of Microsoft® 
Office Excel 2003). 
The empirical studies from which this data was extracted are as follows: pike (Kipling and 
Frost, 1970, Kipling, 1983a, Treasurer et al., 1992, Pierce and Tomcko, 2003, Pierce et al., 
2003, Pierce and Tomcko, 2005); pikeperch (Buijse et al., 1992) unpublished data, H. 
Winkler); perch (Le Cren, 1958, Craig et al., 1979, Treasurer et al., 1992, Treasurer, 1993); 
brown trout (Jenkins et al., 1999, Nicola and Almodóvar, 2002, Almodóvar and Nicola, 
2004); bull trout (Johnston and Post, 2009) unpublished data, F. Johnston). 
The estimated maximum annual growth increments maxh  are in general agreement with 
literature values: 24.0 cm for pike in our model, compared with 27.1 cm (Arlinghaus et al., 
2009); 10 cm for pikeperch in our model, compared with 9-12 cm (Biró, 1985); 5.5 cm for 
perch in our model, compared with 5-15 cm (Heibo et al., 2005); 8.4 cm for brown trout in 
our model, compared with 8-11 cm (Jenkins et al., 1999); 7.7 cm for bull trout in our model, 
compared with 10 cm (Paul et al., 2003). 
Parameterization of stock-recruitment relationships 
To parameterize the Ricker (R) and Beverton-Holt (BH) stock-recruitment relationships 
(Table A1, equation 5c), empirical length-at-age and biomass-density data from various 
studies were used to estimate the maximum proportion of offspring surviving from spawning 
to post-hatch ( Rα  or BHα ) and the inverse population density at which offspring survival is 
divided by 2.71e =  ( Rβ ) or 2 ( BHβ ). 
For pike, egg density was determined using a relative fecundity relationship (Craig and 
Kipling, 1983), adult biomass (Kipling, 1983b), and corresponding area (1480 ha, Le Cren et 
al., 1977), with the density of pike aged 1 year back-calculated from natural mortality 
(Kipling and Frost, 1970) and the abundance of pike aged 2 years (Le Cren et al., 1977). For 
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pikeperch, egg density was determined using the relative fecundity relationship 
(Schlumberger and Proteau, 1996), adult biomass, and corresponding area (19700 ha, 
unpublished data, H. Winkler), with adult biomass back-calculated from commercial catch 
(Lehtonen et al., 1996) and exploitation rate (Gröger et al., 2007), and the density of 
pikeperch aged 1 year back-calculated from natural mortality information (Lind, 1977) and 
the abundance of pikeperch aged 2 years (Gröger et al., 2007). For perch, egg density was 
determined using a relative fecundity relationship (Treasurer, 1981), adult biomass (Craig et 
al., 1979), and corresponding area (1480 ha, Le Cren et al., 1977), with the density of perch 
aged 1 year back-calculated from natural mortality information (Le Cren et al., 1977) and the 
abundance of perch aged 2 years (Le Cren et al., 1977). For brown trout, a stock-recruitment 
relationship for a migratory brown-trout population from England (Elliott, 1985) was scaled 
so that egg density and the density of brown trout aged 1 year (May/June) in the spawning 
stream result in a population density in line with literature values: the chosen target fish 
density of 300 ha-1 is roughly based on the density of 229 ha-1 observed for a British lake 
(Swales, 1986), although this is low compared with the density of 560-4900 ha-1 observed for 
more productive rivers in Spain (Nicola and Almodóvar, 2002). For bull trout, the stock-
recruitment relationship reported by Post et al. (2003) was scaled to account for the 
corresponding lake area (646 ha, (Johnston et al., 2007). 
The population densities predicted using these estimates under unexploited conditions 
generally fall within the ranges reported in the literature (although pikeperch are likely more 
abundant in our model than in average natural settings, whereas the densities of perch and bull 
trout in our model are on the low side of the reported empirical ranges): for perch, 779 ha-1 in 
our model, compared with 675-4189 ha-1 (Craig et al., 1979); for brown trout, 300 ha-1 in our 
model, compared with 229 ha-1 in a British lake (Swales, 1986) and 560-4900 ha-1 in more 
productive rivers in Spain (Nicola and Almodóvar, 2002); for pikeperch aged 3 years and 
older, 56 ha-1 in our model, compared with 26-42 ha-1 (Lehtonen, 1979); for pike, 23 ha-1 in 
our model, compared with 11.0-55.1 ha-1 (Pierce et al., 1995); for bull trout, 12 ha-1 in our 
model, and for adult bull trout, 4.4 ha-1 in our model, compared with, respectively, 12-38 ha-1 
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ABSTRACT 
To systematically investigate how hooking mortality and regulatory noncompliance influence 
management outcomes across a range of freshwater fish species exploited by diverse angler 
types, we developed a bioeconomic model that integrated realistic angler behaviour with an 
age-structured fish population. Increased hooking mortality generally decreased socially 
optimal input and output regulations, (license numbers and minimum-size limits, 
respectively). However, the biological impacts of elevated hooking mortality strongly varied 
with fish species and angler type.  Noncompliance was of limited importance when 
regulations were socially optimal, except for fish species with low compensatory reserves. 
However, under unlimited effort, noncompliance facilitated recruitment overfishing and 
increased the minimum-size limit required to avoid it. Despite added mortality from hooking 
and noncompliance, socially optimal management usually safeguarded biological 
sustainability because angler utility was strongly dependent on catch rates, but social welfare 
was eroded. Ignoring hooking mortality and noncompliance when predicting optimal 
regulations often led to population collapse. Thus, models designed to derive 
recommendations for recreational fisheries management must consider both hooking 
mortality and noncompliance. Otherwise, dissatisfied anglers or biologically overfished 
stocks are expected. 
Keywords: bioeconomic model; compliance; discard mortality; discrete choice model; life 





Size-based harvest regulations and bag limits are tools commonly used in recreational 
fisheries to maintain fish populations at biologically sustainable levels and to meet social 
objectives (Radomski et al. 2001). Most output control measures are only effective if released 
fish survive and successfully reproduce (Arlinghaus et al. 2007, Coggins et al. 2007). 
Hooking mortality associated with catch-and-release (C&R) can be close to zero if injury is 
minimized and environmental variables are favourable (Arlinghaus et al. 2007, Hühn and 
Arlinghaus 2011, Muoneke and Childress 1994). However, when conditions are less 
favourable, such as when fish are brought to the surface from great depth, hooking mortality 
estimates as high as 90% have been reported for some species (Bartholomew and Bohnsack 
2005, Hühn and Arlinghaus 2011). Furthermore, in some species there are non-lethal 
consequences of C&R for fish behaviour, growth, and reproduction (e.g., Arlinghaus et al. 
2007, Richard et al. 2013). Effective management using harvest regulations therefore 
demands that the downsides of C&R are taken into consideration (Coggins et al. 2007, Post et 
al. 2003, Woodward and Griffin 2003).  
An additional source of mortality generally unaccounted for in recreational fisheries stems 
from noncompliance with regulations (Paragamian 1984, Post 2013, Post et al. 2002). 
Noncompliance may not simply be the result of deliberate illegal harvest, but may also be due 
to measurement error or lack of regulation awareness (Page et al. 2004, Page and Radomski 
2006). Noncompliance with bag limits may be low (e.g., 7%; Wilberg 2009) because anglers 
rarely reach these limits (Baccante 1995, Radomski et al. 2001, Wilberg 2009). By contrast, 
noncompliance with length-based harvest regulations can be very high in some cases (e.g., > 
50%; Glass and Maughan 1984, Pierce and Tomcko 1998, Sullivan 2002). Noncompliance 
can also constitute a depensatory process that increases the per capita mortality probability as 
catch rates, and underlying populations, decline (Näslund et al. 2010, Sullivan 2002). Thus, 
Post et al. (2002) and Post (2013) have warned that noncompliance may be an important 
component contributing to the collapse of recreational fisheries. Indeed, depending on the 
life-history characteristics of the species, even the most restrictive regulations (e.g., zero 
harvest) will be ineffective if fishing effort and hooking mortality (Coggins et al. 2007, Paul 
et al. 2003, Post et al. 2003) or noncompliance (Gigliotti and Taylor 1990) are sufficiently 
high. Thus, accounting for both sources of “cryptic mortality” (Coggins et al. 2007) is 
important for ensuring the sustainability of recreational fisheries, yet few fisheries models do 
so explicitly. 
Numerous factors affect the level of hooking mortality a fish population experiences, (e.g., 
fishing gear used, handling, fish species) (Arlinghaus et al. 2007, Bartholomew and Bohnsack 
2005), some of which will vary with the type of angler attracted to a particular fishery. For 
example, survivorship of fish released by more experienced anglers may be higher due to 
better fish handling practices (e.g., Diodati and Richards 1996, Landsman et al. 2011, Meka 
2004). More specialized anglers may also be less harvest-oriented and thus more likely to 
practice voluntary C&R (Bryan 1977,  but see Dorow et al. 2010 for exceptions, Hahn 1991), 
which has implications for hooking mortality rates. Noncompliance rates can also be 
influenced by angler experience, as novice anglers are more likely to misidentify fish or be 
unaware of angling regulations (Schill and Kline 1995, Schmetterling and Long 1999). 
Furthermore, heterogeneity in fishing preferences among angler types influences their 
perception of fishery quality, which affects angler effort and fishing mortality (Johnston et al. 
2010, 2013). There is an increasing recognition that consideration angler behaviour is crucial 
for predicting management strategies for recreational fisheries (Abbott and Fenichel 2013, 
Fenichel et al. 2013, Johnston et al. 2010). Thus, explicitly considering the composition of 
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the angling population is likely also important when predicting the effects of hooking 
mortality and noncompliance on recreational fisheries. 
Previous research on the influence of hooking mortality (Risley and Zydlewski 2010, Waters 
and Huntsman 1986, Woodward and Griffin 2003) and noncompliance (Gigliotti and Taylor 
1990, Henderson and Fabrizio 2013, Post et al. 2003) on the efficacy of angling regulations 
for achieving management objectives, and on optimal management strategies (Coggins et al. 
2007, Henderson 2009, Pine et al. 2008), have not considered some important factors. For 
example, most available studies on hooking mortality and regulatory noncompliance have not 
treated angler behaviour as dynamic (but see Post et al. 2003, Woodward and Griffin 2003 
for exceptions), or accounted for the variable effort responses associated with diverse angler 
types. Moreover, many of the available studies focus on single species, with only a few (e.g., 
Coggins et al. 2007, Pine et al. 2008) explicitly accounting for diversity in fish life history, 
which is important for determining the resiliency of a species to overexploitation. Finally, 
past studies have defined “optimal” regulations based on yield (i.e., maximum sustainable 
yield, MSY), ignoring the multiple attributes that influence angler satisfaction and utility. By 
contrast, optimal social yield (OSY) incorporates social and economic benefits provided by a 
fishery to anglers that are not measured by fish yield alone (Malvestuto and Hudgins 1996, 
Radomski et al. 2001, Roedel 1975). By considering anglers’ preferences more explicitly, 
more realistic management objectives, such as OSY, can be constructed and the regulations 
to support them can be determined (Cox et al. 2003, Johnston et al. 2010, 2013). 
In this study, we investigated the importance of accounting for the hidden mortality from 
hooking and noncompliance using a dynamic bioeconomic model that predicts the 
combination of input (e.g., license number) and output (e.g., minimum-size limit, MSL) 
regulations that provide the greatest social welfare (i.e., OSY) to a heterogeneous angling 
community across a range of fish species. The model incorporated dynamic fish and angler 
populations using a range of fish life-history types (LHTs) and angler types to investigate the 
generality of our findings. A discrete choice model, based on empirical data, added realism to 
the behavioural model used to predict angler effort, improving our representation of fish-
angler dynamics when compared to our previous work, which was based on entirely 
hypothetical angler types (Johnston et al. 2010, 2013). With the resulting model, we 
evaluated how hooking mortality and noncompliance influenced predictions about; i) the 
biological impacts of fishing, ii) socially optimal regulations, iii) the biological and social 
conditions under optimal regulations, and iv) the potential consequence for the biological 
sustainability of the fishery if hooking mortality and noncompliance were ignored or if the 
fishery was not managed in a socially optimal manner. Overall, the study’s objective was to 
improve our understanding about the effect of hooking mortality and noncompliance on 
management outcomes and their importance for the determination of optimal input and output 
regulations across a range of recreationally important fish species. 
METHODS 
We investigated the importance of accounting for mortality from hooking and noncompliance 
using the bioeconomic modelling approach described by Johnston et al. (2010, 2013), which 
was adapted to include empirically described anglers.  The model framework includes a 
deterministic age-structured biological component, which describes the dynamics of the fish 
population, a social component, which describes the dynamic response of the angler 
population to changes in fishery attributes (e.g., catch rates, size of fish caught, crowding, 
regulations), and a management component, which allows for the application of both input 
(e.g., license numbers) and output regulations (e.g., minimum-size limits, MSLs; Figure 1). 
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Model results predict the combination of MSL and license number that provides the greatest 
aggregate social welfare to the angling community using the economic utility concept. Model 
equations and variables can be found in the appendix (Tables A1-A4). Parameter values 
describing the fish LHTs modelled are provided in the Table S1 of the supplementary 
material. 
Biological component 
Details of the biological model can be found in Johnston et al. (2010, 2013), and we provide 
only a brief summary here. In short, the biological submodel included the most salient 
processes that described the life-history characteristics of the fish population under 
investigation.  We simulated an age-structured fish population model with annually pulsed 
reproduction and multiple density-dependent feedbacks. We included, density-dependent 
survival of the early life-stage (spawning to post-hatch) through a stock-recruitment 
relationship, and (ii) density-dependent growth in body size, both of which are important for 
determining the compensatory response of fish to exploitation from angling (Lorenzen 2008, 
Lorenzen and Enberg 2002). To account for the size-dependent processes inherent in a 
fishery (Lewin et al. 2006), a sigmoidal vulnerability curve was used to determine 
vulnerability of fish to capture, and MSLs based on length were used to determine which fish 
were legally harvestable. Fish reproduction was assumed to occur on an annual basis at the 
beginning of each year as is typical for most fishes from temperate regions. However, fish 
mortality and growth in body size were described by continuous functions to account for 
growth into vulnerable and legally harvestable sizes within each year, and for the recapture 
and repeated exposure to hooking mortality of released individuals throughout the fishing 
season, both of which are important aspects of recreational fisheries models (Coggins et al. 
2007). 
To examine how impacts of hooking mortality and noncompliance might differ with fish life 
history, five prototypical fish life-history types (LHTs), described in detail in Johnston et al. 
(2013), were used in this study: brown trout (Salmo trutta), bull trout (Salvelinus 
confluentus), European perch (Perca fluviatilis), northern pike (Esox lucius), and pikeperch 
(Sander lucioperca). These LHTs were chosen because they represent the broad range of 
diverse life-history characteristics (see Table S1 and Johnston et al. 2013 for details) of 
species commonly targeted by freshwater recreational anglers (e.g., Almodóvar and Nicola 
2004, Beardmore et al. 2011, Post et al. 2002). According to our previous research, LHTs had 
different intrinsic vulnerabilities to overexploitation, being least to greatest as follows; perch, 
brown trout, pikeperch, pike, and bull trout (Johnston et al. 2013). 
Social component 
The model structure of Johnston et al. (2010) was designed to allow for the integration of a 
discrete choice model to describe multi-dimensional catch and non-catch related preferences 
and resulting behaviours of the angler population. Choice experiments are a survey tool 
commonly used to derive respondents’ relative preferences for attributes (such as catch rate) 
of a desired good (e.g., an angling day), and are particularly valuable for predicting 
behavioural responses to novel scenarios such as the introduction of new management 
regulations (Beardmore et al. 2013, Ben-Akiva and Lerman 1985). Thus, angler behaviour 
can be predicted as a function of the attributes of the angling experience. Annual angling 
effort in our behavioural submodel was determined by the previous year’s fishing experiences 
(i.e., fishery quality) and occurred at the beginning of each year. To make predictions more 
realistic, instead of using the prototypical angler types (generic, consumptive, and trophy 
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anglers) from our previous studies (Johnston et al. 2010, 2013), the angler types used here 
were based on results from a discrete choice experiment carried out on anglers from the 
German state of Mecklenburg-Vorpommern, M-V (Beardmore et al. 2013). The following 
fishery attributes were included in the survey: expected number, average size and maximum 
size of fish caught, the number of other anglers seen while fishing (i.e., crowding), MSL, 
daily bag limit, license fees to fish within the state of M-V, one-way travel distance, main 
target species, and an attribute describing the biological status of the fish stock. The so-called 
part-worth utility of all these attributes (determined from the choice model regression 
coefficients) combine to determine the overall utility an angler derives from fishing. 
Using a latent class modelling analysis (Swait 1994), Beardmore et al. (2013) found that the 
preference diversity of anglers sampled in M-V was best described when they were allocated 
into three classes (angler types), with class-1, class-2, and class-3 anglers comprising 58%, 
33% and 9% of the sample, respectively. Assignment to a particular angler type group (class 
membership) was largely determined by the centrality of angling to a respondent’s lifestyle 
and the respondent’s self-reported level of commitment to fishing (Beardmore et al. 2013), 
which can be interpreted as a subdimension of the angler specialization continuum (Bryan 
1977). The three angler types, thus, represented three classes of differentially specialized 
anglers that differed in their preferences for selected fishery attributes (Figure 2). 
Furthermore, the angler types varied in their propensity to voluntarily release fish, with class-
1 anglers and class-2 anglers being similarly harvest-oriented, and class-3 anglers being much 
less consumptive (see Table A4 for details). Thus, class-1 anglers represented very 
committed and consumptive anglers (hereafter referred to as committed anglers for 
simplicity), class-2 anglers were casual, consumptive anglers (hereafter referred to as casual 
anglers), and class 3 anglers were less consumptive and more trophy-oriented (hereafter 
referred to as trophy anglers). 
The incorporation of the three angler types described by Beardmore et al. (2013) into the 
modelling framework of Johnston et al. (2010, 2013) required calibration. Variation of 
attribute levels for catch characteristics (number, average size, and maximum size of fish 
caught) and crowding presented to anglers in the choice experiment by Beardmore et al. 
(2013) were species specific, and based on means and standard deviations estimated from 
diary information for these attributed collected from anglers in the study region. Regression 
coefficients were estimated on z-transformed attributes to remove species-specific variation 
in absolute values for the catch-related attributes. Hence, to calibrate the behavioural 
component of our model to a specific LHT, we scaled the choice model to the average values 
and the variation of catch-related attributes that could be expected given the parameter set 
used to describe each LHT. To that end, we replaced the means and standard deviations used 
by Beardmore et al. (2013) with ones suitable for our modelled LHTs (Table A3). This was a 
reasonable approach given that the coefficients of the choice model reflected utility changes 
in catch-related attributes relative to an average species-specific fishing experience. For each 
LHT, we chose mean values for average daily catch, average size, and maximum size of fish 
caught to be values estimated when the population was in a state that maximized harvested 
biomass (maximum sustainable yield, MSY). For each LHT, we then randomly drew 500 
fixed effort levels from a normal distribution, which had a mean equal to the effort at MSY 
and a standard deviation that was based on the assumption that a low effort level of 5 h ha-1 
constituted the lower 95% confidence interval of the distribution. Catch attributes at each 
level of effort were then determined (assuming no MSL or daily bag limit, harvest of all 
caught fish, and zero hooking mortality and noncompliance), and the variation across the 500 
samples was used to determine an average coefficient of variation (CV) across LHTs. The 
CV and mean were used to calculate the standard deviation for each LHT, which was then 
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used in the implementation of the parameter set by Beardmore et al. (2013) to the model 
environment (Table A3). Similarly, mean daily crowding was set at the average values 
reported for perch, pike and pikeperch by Beardmore et al. (2013), and brown trout was 
assumed to be identical to perch and pikeperch, and bull trout the same as pike. The mean 
values and average CV for daily crowding taken from angler diary data (averaged across 
pike, perch and pikeperch, Beardmore, Unpublished data), and used to calculate species-
specific standard deviations of crowding (Table A3). 
In addition to the calibration process, adjustments were made to the part-worth utility (PWU) 
function for average daily catch rate, MSL and daily bag limits. In particular, PWU functions 
for MSLs and daily bag limits were designed to represent continuous functions rather than 
discrete ones, as in the original stated preference survey by Beardmore et al. (2013), to 
facilitate their interface with quantitative model outputs, which served as inputs into the 
angler behavioural model. In addition, because the range of attribute levels tested by 
Beardmore et al. (2013) did not include extremely low catch levels or very high MSLs that 
result in complete mandatory C&R, we extrapolated the PWU functions for average daily 
catch and MSL beyond the range reported by Beardmore et al. (2013) following the 
reasonable assumption that extremely low catch rates would not be welcomed by anglers 
(Cox et al. 2003) and that very restrictive harvest regulations would similarly entail aversion 
(Johnston et al. 2011). Detailed methods for these adjustments are included in the Appendix. 
The resulting PWU functions for all attributes are depicted in Figure 2.  
Variation in distance, license costs, daily bag limit, stock status, and the proportion of effort 
directed towards preferred species were not investigated in this study. Thus, levels of these 
attributes were constant for all simulations (see Table A3).  
Outline of analyses 
Our model was representative of a single-lake fishery, such as those run by angling clubs in 
central Europe, in which club managers can manipulate the fish-angler interactions by input 
or output regulations (Daedlow et al. 2011). Within this management framework, we 
investigated the impact of hooking mortality and noncompliance on regulation outcomes 
across a range of LHTs and for diverse angler types. A recent review by Hühn and 
Arlinghaus (2011) on hooking mortality rates of European species important for recreational 
fisheries, or related species, found that the majority (57.1%) of hooking mortality estimates 
were under 10%, and that estimates rarely (7.9 %) exceeded 50%. Reflecting this distribution, 
we explored the importance of considering hooking mortality for socially optimal 
recreational fisheries management by considering five different levels of hooking mortality 
h jf  (0%, 5%, 10%, 25%, and 50%, Table A2), in the presence and absence of 
noncompliance mortality n jf . When present, the percent illegal harvest was calculated using 
an empirical relationship similar to the one described by Sullivan (2002) for walleye (Sander 
vitreus) recreational fisheries, n  / 100jf CPUE
ςγ= , where CPUE is the hourly catch rate of 
walleye protected by size limits, 1.25γ =  , and 0.84ς = −  . Sullivan (2002) found that 
noncompliance was inversely related to CPUE, resulting in a depensatory response to fishery 
decline (Post et al. 2002). To account for differences in catch rates of protected fish among 
LHTs compared with catch rates of protected walleye from the study by Sullivan (2002), the  
γ  parameter was customized to each LHT so that the noncompliance function was 
comparable across LHTs (perch 3.31γ = , brown trout 1.92γ = , pikeperch 0.95γ = , pike
0.33γ = , bull trout 0.19γ = ). To that end, the ratio between the catch rate under mandatory 
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C&R conditions of each LHT and the catch rate under mandatory C&R conditions of walleye 
(assumed to be 1.3 h-1 for walleye, see Figure 2 in Sullivan, 2002), was used to adjust γ  so 
that the percentage illegal harvest at the catch rate under mandatory C&R regulations was the 
same for all LHTs and the walleye from Sullivan’s study. The exponential term ς  was held 
constant for all LHTs. It should be noted that the adjusted relationship calculated for 
pikeperch, a species closely related to walleye, was very similar to the relationship presented 
by Sullivan (2002) for walleye. 
At a given level of hooking mortality and noncompliance (presence/absence), simulations 
were run across a range of MSLs and license numbers (Table A2) for homogeneous angler 
populations composed of one angler type (class-1, -2, or -3), and for a mixed population 
composed of all three angler types in proportion to the relative composition reported by 
Beardmore et al. (2013) (Table A4). Anglers responded dynamically to the perceived quality 
of the fishery through the effect of utility on the angler’s probability of fishing (Table A1, 
equation 2a). The combination of MSL and license number that maximized the total utility, 
defined as the greatest social welfare to the angling community, (Table A1, equation 7b) was 
considered to be the socially optimal regulations for that scenario (MSLopt = optimal MSL, 
AL opt = optimal license number). We evaluated how differing levels of hooking mortality and 
noncompliance influenced predictions about optimal regulations and the biological impacts of 
fishing across angler populations and LHTs. Biological impacts were evaluated using a 
weighted spawning-potential ratio (Table A1, Equation 7a), which is commonly used to 
assess the likelihood of recruitment overfishing (Allen et al. 2013, Allen et al. 2009, Coggins 
et al. 2007). SPR values below 0.2–0.3 are considered critical (Goodyear 1993), whereas 
maintaining SPR above 0.35–0.40 is likely to prevent recruitment overfishing (Clark 2002, 
Mace 1994). Changes in optimal regulations and the biological and social conditions (SPR 
and total utility) at optimal regulations for different levels of hooking mortality and 
noncompliance were examined for trends and compared across angler populations and LHTs.  
In addition to examining how predictions about optimal regulations differed among hooking 
mortality and noncompliance levels, we also examined two scenarios when recreational 
fisheries were not managed optimally. In the first case, we examined what the biological and 
social consequences would be if mortality from hooking and noncompliance were ignored 
when predicting optimal regulations. In this scenario, the regulations predicted to be optimal 
if hooking mortality was 0% and noncompliance was absent were used, but hooking mortality 
and noncompliance were then allowed to occur in the model simulations. This scenario 
mimicked an optimistic manager’s assumption that hooking mortality and noncompliance 
would be absent when in fact they were present. In the second case, we address the fact that 
directly limiting angling effort is not always possible, such as in open-access fisheries (Cox 
and Walters 2002a). Thus, we assumed that the recreational fishery was “open access” and 
set license number at the maximum possible in our model. We then evaluated the biological 
consequences of liberal input regulations at three different levels of hooking mortality (0, 10, 
and 25%) across the range of MSL levels modelled previously (Table A2) in the presence and 
absence of noncompliance.  
Overall, our modelling exercise was meant to provide strategic rather than tactical insights 
into a particular fishery and was therefore not calibrated to the life history of a particular fish 
population. Any user of our model is advised to calibrate it to the utility function of local 
anglers and the life-history parameters of the targeted fish population when intending to 




Influence of cryptic mortality on biological sustainability 
The negative biological impacts of hooking mortality when anglers were fully compliant with 
regulations varied with the LHT and the angler type (Figure 3). Figure 3 shows that increased 
hooking mortality reduced the range of regulations that averted recruitment overfishing. 
However, for the intrinsically more resilient LHTs – perch and brown trout – only very high 
levels of hooking mortality (50%) altered the negative biological impacts of recreational 
angling compared to situations without cryptic mortality. By contrast, any increase in 
hooking mortality generally decreased the number of regulation combinations that averted 
recruitment overfishing of the more vulnerable LHTs – pikeperch, pike, and bull trout – 
relative to situations without cryptic mortality. 
The composition of the angler population was also important for determining the negative 
biological impacts of angling on LHTs at a given level of hooking mortality (Figure 3). Of all 
angler populations, those composed solely of, or dominated by, committed anglers had the 
most severe biological impacts on the fish population over the range of regulations tested, 
regardless of hooking mortality level or LHT. By contrast, the angler population having the 
least impact differed with LHT. The range of regulations that resulted in recruitment 
overfishing was generally the narrowest if the trophy angler population targeted the less 
vulnerable LHTs (brown trout and pikeperch), whereas for the more vulnerable LHTs (pike 
and bull trout) this occurred when fished by a casual angler population. Note that neither 
casual nor trophy angler populations resulted in any critical SPR values for the highly 
resilient perch LHT. 
The introduction of Sullivan-type noncompliance, surprisingly, had very little effect on the 
biological status of the exploited population, when judged in terms of the proportion of 
simulation runs that resulted in recruitment overfishing (Figure 3). Only for the more 
vulnerable LHTs (pike and bull trout), did the presence of noncompliance slightly reduced 
the number of regulation combinations that resulted in a biologically sustainable population.  
Influence of cryptic mortality on socially optimal regulations 
MSLopt, in the absence of noncompliance, was generally either consistently low or declined 
as hooking mortality increased. However, the pattern strongly depended on the composition 
of the angler population and the LHT exploited (Figure 4). The MSLopt of angler populations 
composed solely, or dominated by, committed anglers, experienced small to moderate (< 
15% of Lmax) declines in MSL from similar base levels as hooking mortality increased, and 
results were similar across LHTs. By contrast, when the trophy angler population targeted the 
inherently more vulnerable LHTs (bull trout, pike and pikeperch), MSLopt was relatively high 
(> 70% of Lmax) in the absence of cryptic mortality and then declined dramatically (~50% of 
Lmax) as hooking mortality increased in the absence of noncompliance. Yet, when trophy 
anglers targeted the more resilient LHTs (perch and brown trout), MSLopt was generally 
low/liberal (< 30% of Lmax) for all levels of hooking mortality. For the casual angler 
population, base level MSLopt in the absence of cryptic mortality was strongly species 
specific and less clearly linked to the intrinsic vulnerability of a LHT. As a consequence, the 
effect that increased hooking mortality had on MSLopt was also strongly species specific. 
The influence of hooking mortality on AL opt, in the absence of noncompliance, was more 
substantial and consistent than was observed for MSLopt. Across angler populations, AL opt 
generally decreased with increased hooking mortality, with the magnitude being negatively 
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correlated with the intrinsic vulnerability of the LHT (Figure 4). For example, perch 
generally had the highest AL opt, requiring levels of hooking mortality in excess of 10% before 
AL opt was affected.  By contrast, bull trout generally had the lowest AL opt and even low levels 
of hooking mortality caused substantial reductions in AL opt. Despite these general trends, the 
results for casual angler populations were qualitatively different than for the other angler 
types, with optimal license numbers being low even when hooking mortality was absent (with 
the exception of perch). Consequently, with the exception of perch, no large changes in AL opt 
for casual anglers occurred when hooking mortality increased. 
Noncompliance rates under socially optimal regulations were generally low (<5%) for the 
intrinsically less vulnerable LHTs and higher (generally >5% and often exceeding 10%) for 
the more vulnerable LHTs. The inclusion of noncompliance mortality, however, did not have 
a large influence on predicted MSLopt, with only slight differences being observed for pike 
and bull trout (Figure 4). However, when hooking mortality levels were low, the presence of 
noncompliance was important when predicting AL opt for the intrinsically more vulnerable 
LHTs. Accordingly, for bull trout, pike, and to a lesser extent pikeperch, AL opt at hooking 
mortality levels under 25% were much lower when noncompliance was present than when it 
was absent (Figure 4). This pattern was consistent across angler populations, although the 
magnitude of the effect was minimal for the casual angler population because AL opt was low 
even in the absence of cryptic mortality. 
Biological and social conditions under socially optimal regulations 
The SPR predicted under optimal regulations declined with increased hooking mortality 
levels, across all LHTs and angler populations, although increases in hooking mortality from 
25% to 50% often did not further decrease SPR much (Figure 5). Despite these declines, with 
a few exceptions, SPR was maintained above 0.35 under socially optimal input and output 
regulations. However, in the case of bull trout fished by committed or mixed angler 
populations, hooking mortality ≥ 25% resulted in SPR levels under optimal regulations 
falling below 0.35, but SPR never fell below 0.20. The addition of noncompliance only 
resulted in slight differences being in the SPR under optimal conditions when noncompliance 
was present and when it was absent for pikeperch, perch and bull trout (Figure 5). In the 
exceptional case of bull trout fished by angler populations dominated by committed anglers, 
SPR levels dropped below 0.35 when hooking mortality was as low as 10% if noncompliance 
was present (Figure 5). 
The total utility derived by the angler population was systematically eroded by hooking 
mortality, however, the magnitude of the effect varied with fish LHT and angler population 
(Figure 6). Excluding perch, declines in total utility were generally minor when LHTs were 
fished by a casual angler population. By contrast, when fished by the other angler 
populations, perch often experienced the greatest reductions and bull trout the least 
reductions in total utility when higher levels of hooking mortality were imposed but this trend 
was much less consistent under lower levels of hooking mortality. Similar to the trend seen 
for AL opt of the more vulnerable LHTs, the total utilities gained from fishing at hooking 
mortality levels under 25% were slightly lower in the presence of noncompliance than in its 
absence (Figure 6). 
The consequences of ignoring cryptic mortality 
The biological consequences, in terms of recruitment overfishing, of ignoring cryptic 
mortality were severe. When regulations were set at values predicted to be optimal in the 
absence of hooking mortality and noncompliance, but cryptic mortality was in fact present, 
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all LHTs except the intrinsically least vulnerable perch, experienced recruitment overfishing 
with SPR levels dropping well below 0.35 at some level of hooking mortality (Figure 5). As 
intrinsic LHT vulnerability increased, the hooking mortality level required to depress SPR to 
levels below 0.35 decreased (e.g., 25%-50% for brown trout and 5% for bull trout, when 
fished by committed anglers). Angler type also played an important role. For example, casual 
anglers never caused recruitment overfishing, and while all other angler types caused 
recruitment overfishing to some degree, the level of hooking mortality required for this to 
occur was much higher for trophy angler populations than angler populations dominated by 
committed anglers.  The patterns observed in the absence of noncompliance were reinforced 
by the presence of noncompliance mortality, which primarily influenced the results for the 
most vulnerable LHTs. For example, in the case of bull trout, even when hooking mortality 
was assumed to be 0%, noncompliance resulted in recruitment overfishing when exploited by 
committed or mixed angler populations. 
Importance of cryptic mortality in open-access fisheries 
When we modelled the fishery as one where input regulations could not be limited, in a sense 
representing an open-access fishery, we found that at low MSLs the SPR fell below 0.35 for 
most LHTs except perch, regardless of whether hooking mortality or noncompliance were 
present or not (Figure 7). At moderate to high levels of MSL moving towards a total C&R 
fishery, recruitment overfishing could be avoided across all angler types. However, the MSL 
level required for this to occur systematically increased as hooking mortality increased. 
Furthermore, for the intrinsically more vulnerable LHTs (pikeperch, pike, and particularly 
bull trout), minimum sustainable MSL levels increased in the presence of noncompliance, 
although disparity between the MSL level predicted in the absence of noncompliance and 
when it was present decreased substantially as hooking mortality increased. The MSL level 
required to avert recruitment overfishing in the presence of hooking mortality and 
noncompliance was also dependent on the type of angler population fishing, generally being  
greatest for angler populations dominated by committed anglers and least for the casual 
angler population, particularly for the inherently more vulnerable LHTs. 
DISCUSSION 
We used a novel bioeconomic modelling approach that integrated realistic angler behaviour 
and single-species fish population dynamics across a range of prototypical fish species to 
determine how hooking mortality and noncompliance systematically influenced predictions 
about the socially optimal and biologically sustainable management of recreational fisheries. 
In contrast to earlier modelling studies that maximized yield or some catch metric (e.g., 
Coggins et al. 2007), we used an economically founded optimal social yield (OSY) approach 
in which numerous catch- and non-catch-related fishery attributes contributed jointly to the 
social welfare (total utility) the fishery provided to the angler population. Conceptually, OSY 
seems to be a better approach for the management of recreational fisheries compared to MSY 
(Malvestuto and Hudgins 1996, Radomski et al. 2001, Roedel 1975), because it represents the 
multi-dimensional aspects that determine angler well-being (Cox et al. 2003). Therefore, it is 
encouraging that socially optimal input and output regulations were nearly always predicted 
to result in biologically sustainable outcomes.  For a range of fish species, we found that the 
two sources of cryptic and often unaccounted for mortality strongly influenced the biological 
impact of recreational fishing on fish populations and optimal management practices. Hence, 
mismanagement is likely if hooking mortality and noncompliance are not appropriately 
accounted for.  
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Our study is one of the few that considers the importance of life-history diversity when 
predicting the influence the hooking mortality on recreational fisheries management, and to 
our knowledge the only one that explicitly considers angler diversity in an integrated social-
ecological modelling framework. Furthermore, our study is among the first to examine how 
depensatory noncompliance can influence predictions about sustainable recreational fisheries. 
In contrast to earlier suggestions (Post 2013, Post et al. 2002), we found regulatory 
noncompliance to be of relatively little concern for biological sustainability as long as one 
can ensure that regulations are set in a socially optimal manner, except in particular 
circumstances, such as when intrinsically vulnerable species are exploited by committed 
angler types and hooking mortality levels are low. However, when fish stocks are heavily 
exploited by excessive effort, such as can occur in open-access fisheries, depensatory 
noncompliance, in the form reported by Sullivan (2002) for walleye, can drive stocks towards 
recruitment overfishing, as predicted by Post et al. (2002) and Post (2013), particularly when 
hooking mortality is limited or absent. Thus, noncompliance may become a major issue if 
managers are unable to use optimal input and output controls, particularly when managing 
intrinsically vulnerable fish populations. Given that input controls are rarely used in 
recreational fisheries because they are often met with considerable opposition from anglers 
(Cox and Walters 2002a), regulatory noncompliance is likely a serious concern in most 
recreational fisheries. 
Influence of hooking mortality on regulation efficacy 
One important concern in recreational fisheries management is determining the conditions 
that result in the collapse of exploited fish stocks (Post 2013), in particular recruitment 
overfishing (Allen et al. 2013, Hunt et al. 2011). Numerous studies have found that cryptic 
sources of mortality, such as hooking mortality, can undermine the efficacy of angling 
regulations (e.g., Coggins et al. 2007, Pine et al. 2008, Woodward and Griffin 2003) and have 
other unwanted effects (e.g., Risley and Zydlewski 2010), and our study was no exception. 
We found that the number of combinations of input and output regulations that were 
predicted to avert recruitment overfishing generally declined with increased hooking 
mortality, but that the general pattern differed quantitatively depending angler population 
utilizing a particularly fishery and the LHT being exploited. 
Results from our study and others (Coggins et al. 2007, Paul et al. 2003, Pine et al. 2008) 
suggest that fish life history plays a key role in determining the impacts that hooking 
mortality will have on fish populations. Consistent with results from Coggins et al. (2007), 
we found that hooking mortality led to a decrease in the number of regulation combinations 
that averted recruitment overfishing for those LHTs intrinsically more vulnerable to 
overexploitation (e.g., bull trout). Thus, at levels reported in the literature (mean estimates of 
27.5, 7.1, 21.2, and 15.9 for pikeperch, pike, lake trout Salvelinus namaycush a close relative 
of bull trout, and salmonids in general, respectively, Hühn and Arlinghaus, 2011), hooking 
mortality is likely to undermine the efficacy of regulations and lead to recruitment 
overfishing in many cases. By contrast, the intrinsically more resilient LHTs (e.g., perch and 
brown trout) were only impacted when hooking mortality was 50%, which is well above 
reported hooking mortality estimates (mean estimates of 11.0% and 7.4% for Perca 
flavescens a close relative of yellow perch and brown trout, respectively, Hühn and 
Arlinghaus, 2011). These results have implications for the management of species classified 
as threatened or vulnerable, such as bull trout in North America (Gimenez Dixon 1996, 
USFWS 2013), because even low levels of hooking mortality limit the regulations that are 
effective at maintaining fish populations at sustainable levels (this study; Post et al. 2003). 
Thus, our results suggest that efforts should be directed towards gaining accurate estimates of 
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hooking mortality for species whose life-history characteristics make them particularly 
vulnerable to overfishing. 
We also found that the composition of the angler population was critical for determining the 
quantitative influence of hooking mortality on regulation efficacy, despite the qualitative 
patterns being similar across LHTs. Even when propensities to release fish are similar as 
assumed in our model for committed and casual anglers (both preferred to harvest 4 fish 
daily), differences in angler preferences and thus the effort anglers exert, alter the impact 
different angler types have on fish populations. For example, in our study angler populations 
dominated by committed anglers were the only ones to impact the resilient perch LHT, albeit 
only at hooking mortality of 50%, because of their inherent propensity to fish more than other 
angler types. We also found that trophy anglers, despite being more likely to voluntarily 
practice C&R, generally caused recruitment overfishing over a wider range of regulations 
than casual anglers when targeting intrinsically vulnerable LHTs, because of the general lack 
of interest of casual anglers in these species. Similar findings were reported by Johnston et al. 
(2013) where hypothetical anglers were organized along a specialization continuum. Our 
results reinforce the repeated call that to manage recreational fisheries sustainably, one needs 
to understand more about the anglers that are utilizing the resource and their behaviour 
(Fenichel et al. 2013, Post 2013, Radomski et al. 2001). Without such information, 
assessments of the impacts of hooking mortality on the biological sustainability of fisheries 
can be erroneous. Moreover, as our study and others have shown different angler types react 
differently to changes in the fishery and may continue fishing even when fish stocks decline 
because of the multidimensional nature of the underlying utility function (Allen et al. 2013, 
Hunt et al. 2011, Post et al. 2002). 
Influence of hooking mortality on optimal regulations, and social and biological outcomes 
Previous investigations into the effects of hooking mortality on regulations that maximized 
harvested biomass (an objective inherited from commercial fisheries, Goodyear 2007) found 
that to maintain high fishery yield in the presence of increased hooking mortality required 
decreases in MSLs and fishing mortality rates (Coggins et al. 2007, Henderson 2009, Pine et 
al. 2008). Our results were broadly similar. Increased hooking mortality caused a general 
decline in MSLopt and a systematic decrease in AL opt, particularly for intrinsically more 
vulnerable LHTs. This pattern emerges because restrictive MSLs are ineffective at avoiding 
overharvest when hooking morality is high. Instead the number of licensed anglers and 
correspondingly fishing effort must be reduced, to minimize overall fishing mortality of 
stocks suffering from high hooking mortality. As a result, MSLs can also be reduced to levels 
more preferred by anglers which allow for the harvest of fish that would otherwise have been 
lost to hooking mortality under more stringent regulations. However, only our study 
demonstrates that differences in angler preferences and resulting behaviour, such as the 
pattern exemplified by casual anglers versus other angler types, can strongly affect the 
influence of hooking mortality on optimal regulations. Furthermore, the general decline in 
MSLopt with increased hooking mortality was not consistent across LHTs and angler 
populations. For example, while liberal MSLs generally maximized trophy angler utility 
when targeting more resilient LHTs, restrictive regulations maximized their satisfaction when 
targeting intrinsically more vulnerable LHTs – pike and bull trout – until hooking mortality 
levels were sufficiently high to negate any benefits and make them ineffective. This is 
related, in part, to MSL being an attribute directly influencing angler utility and hence 
behaviour, whose effect differed among angler type. Moreover, the interplay between angling 
effort and specific LHT characteristics resulted in non-linear feedbacks and hence complex 
outcomes in terms of MSLopt in relation to hooking mortality. Thus, a full understanding of 
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the influence of hooking mortality on the optimal management of recreational fisheries using 
an OSY approach necessitates LHT-specific analyses that explicitly consider of the 
composition of the angler population. 
Despite differences in the regulations that were predicted to be socially optimal among LHTs 
and angler populations, these regulations were not predicted to result in recruitment 
overfishing, with the exception of the bull trout LHT. This is because socially optimal 
regulations indirectly account for the underlying status of the fish population through the 
strong effect that large declines in the fish population have on the catch-based attributes that 
contribute to angler utility. Although a clear exception, it is noteworthy that recruitment 
overfishing of bull trout only occurred when hooking mortality was high (≥ 25%), which is 
on the higher end of average hooking mortality estimates for salmonids (Hühn and 
Arlinghaus 2011), and when targeted by an angler population dominated by committed 
anglers, a dedicated angler type with a generally consumptive nature and a strong propensity 
to fish regardless of the fishery quality (represented by a large intercept in the utility 
function). Our results are good news for the fishery manager, because consistent with earlier 
hypothetical modelling studies (Johnston et al. 2010, 2013), the management for angler 
objectives such as maximizing the total utility derived by the angler population will generally 
produce biologically sustainable outcomes even in the presence of hidden sources of 
mortality. 
The need for a biologically sustainable fish population to maximize angler welfare explains 
to some degree the variation in optimal regulations among LHTs and angler populations. The 
more vulnerable LHTs were not able to maintain a biologically sustainable fishery if fishing 
effort was high, unless MSLs were very restrictive and cryptic mortality was not sufficiently 
high to undermine their effectiveness. Instead, to avoid recruitment overfishing while 
maximizing angler utility, effort must be reduced through input controls, which consequently 
allows for reductions in MSLs to those more preferred by anglers.  However, anglers differ in 
their preferences (Hunt 2005), overall commitment to angling (Beardmore et al. 2013), and 
consumptive-orientation (Bryan 1977), all of which influence the interplay between angling 
effort and specific LHT characteristics (Johnston et al. 2013), and ultimately the degree to 
which cryptic mortality will influence the regulations that are socially optimal. For example, 
the general lack of commitment to angling and their correspondingly low responsiveness to 
changes in fishery quality, in combination with their consumptive nature, resulted in the 
casual anglers generally having low AL opt’s for most LHTs. Consequently, casual anglers had 
minimal impacts on fish stocks, regardless of the level of hooking mortality. Our results 
support suggestions that effort regulations may be an appropriate tool for managing 
recreational fisheries for biological sustainability (Cox and Walters 2002a, Cox and Walters 
2002b, Post et al. 2003), particularly when hooking mortality is high (Coggins et al. 2007, 
Pine et al. 2008). 
Our study collectively showed that the often-cited aim of many managers to maximize the 
satisfaction of anglers while maintaining the biological sustainability of exploited populations 
(Cox and Walters 2002a, Peterson and Evans 2003, Radomski et al. 2001) is systematically 
eroded as hooking mortality increases. We found that hooking mortality, even low levels 
(5%), caused large reductions in the welfare the fishery provided to the various angler types, 
although the magnitude of these reductions depended on fish LHT and the composition of the 
angler population. Similar to previous studies that found a reduction in fishery yield and 
harvesting efficiency as hooking mortality increased (e.g., Coggins et al. 2007, Henderson 
2009, Pine et al. 2008), the loss of fish to discard mortality and the reduction in license 
numbers required to sustain the fish population under elevated hooking mortality led to losses 
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in angler welfare. The fact that large declines in total utility occurred even at the low levels of 
hooking mortality commonly estimated from recreational fisheries (e.g., means of 18% and 
15.9% across studies, Bartholomew and Bohnsack 2005, Hühn and Arlinghaus 2011, 
respectively) suggest that hooking mortality broadly contributes to the erosion of the quality 
of most recreational fisheries. Put differently, minimizing hooking mortality by appropriate 
gear choice and angler behaviour can pay huge welfare dividends, and is thus in the self-
interest of anglers. Therefore, if maximizing angler satisfaction is a priority of recreational 
managers, a focus should be placed on minimizing hooking mortality through such methods 
as gear restrictions, and education and outreach programs designed to reduce handling stress 
and injury because these actions increase post-release survival in most fish species 
(Arlinghaus et al. 2007, EIFAC 2008, FAO 2012). 
The consequences of ignoring hooking mortality when predicting socially optimal regulations 
Perhaps because obtaining accurate measures of cryptic mortality is difficult, many existing 
fisheries models do not consistently include hidden sources of mortality such as hooking 
mortality. Yet, for recreational fisheries managed using an OSY approach, ignoring hooking 
mortality when predicting optimal regulations is of great concern if it is, in fact, present. We 
found that, similar to the implementation uncertainty generated by angler behaviour (Fulton 
et al. 2011), ignoring hooking mortality when determining regulations potentially puts all but 
the most resilient LHTs at risk of recruitment overfishing. If not regulated appropriately, even 
hooking mortality levels below reported averages of 18% and 15.9% (Bartholomew and 
Bohnsack 2005, Hühn and Arlinghaus 2011, respectively) were sufficient to threaten the 
sustainability of fisheries of the intrinsically most vulnerable LHTs, when targeted by more 
committed angler types. These results are consistent with those of Coggins et al. (2007) who 
found that hooking mortality levels >20% led to recruitment overfishing of the intrinsically 
least vulnerable LHT (so called short-lived high-productivity), whereas for the more 
vulnerable LHT (termed long-lived low-productivity), hooking mortality levels of 5% were 
already of source of great concern. However, the consequences of ignoring hooking mortality 
when predicting optimal regulations may be mediated by the angler population if it is 
composed of less committed angler types, such as our casual anglers, for whom optimal 
license numbers were generally low. These results add further weight to the general 
conclusion that to gain more robust predictions about the socially optimal management of 
recreational fisheries hooking mortality needs to be explicitly considered within the context 
of the targeted LHT and types of anglers fishing. Otherwise, regulations might be either too 
stringent or too liberal, resulting in overfished stocks or socially suboptimal outcomes 
(Fenichel et al. 2013; this study, Johnston et al. 2010). 
The importance of hooking mortality in open-access fisheries when optimal management is 
not possible 
Unfortunately, many recreational fisheries, particularly in North America, are open access 
(Cox and Walters 2002a, Post 2013) and, thus, effort cannot be regulated in an optimal 
manner. In such cases, managers are left to regulate fisheries solely by output controls such 
as MSLs or other size-based harvest limits often used to minimize fishing mortality (Johnson 
and Martinez 1995, Lewin et al. 2006, Radomski et al. 2001). We found that if effort was 
uncontrolled, liberal MSLs were rarely sufficient to avoid recruitment overfishing in all but 
the most resilient LHTs, similar to other studies (Allen et al. 2013), regardless of whether 
hooking mortality was present or not. The introduction of hooking mortality resulted in the 
systematic erosion the range of MSLs that averted recruitment overfishing, but the magnitude 
of this effect was strongly dependent on the intrinsic vulnerability of the LHT, as reported in 
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other studies (Coggins et al. 2007, Pine et al. 2008), and the composition of the angler 
population. For example, because trophy anglers were much less consumptively-oriented, 
hooking mortality levels as high as 25% did not result in recruitment overfishing of the 
brown trout-like LHT under any MSL regulation, whereas they did for all other angler 
populations. We found MSLs predicted to be sustainable in the absence of hooking mortality 
may not produce sustainable outcomes when hooking mortality is present. Where the 
disparity between sustainable and unsustainable occurs is often at MSL levels currently used 
in many recreational fisheries. MSLs are often set as low as possible to minimize the loss of 
potential harvest to natural mortality (Johnson and Martinez 1995), but high enough to allow 
most fish to spawn at least once (Diana and Smith 2008, Lewin et al. 2006). However, an 
MSL of 65 cm for bull trout, for example, that mature around 60 cm (Johnston and Post 
2009), would, according to the parameter set used in the present paper, result in recruitment 
overfishing, even at low hooking mortality rates (≤ 10%), which are commonly reported for 
salmonids (Hühn and Arlinghaus 2011). Given the sensitivity of intrinsically more vulnerable 
LHTs in our model to any source of hooking mortality, more effort should be directed at 
obtaining accurate estimates for these species, and these estimates should be consistently 
integrated into models designed to predict management actions. 
Influence of noncompliance on regulation efficacy, optimal regulations and social and 
biological outcomes 
Generally we found that noncompliance either had negligible effects on model predictions, or 
the effect was isolated to the intrinsically most vulnerable LHTs under a narrow range of low 
hooking mortality levels. This is in contrast to other reports that noncompliance with angling 
regulations, similar to hooking mortality, undermine regulation effectiveness (Gigliotti and 
Taylor 1990, Henderson and Fabrizio 2013, Post et al. 2003). The reason for the different 
predictions between our study and other modelling studies (e.g., Gigliotti and Taylor 1990, 
Post et al. 2003) is that noncompliance was modelled as a depensatory process reliant on 
catch rates of protected fish, rather than as a constant rate. One must understand that, as we 
discussed in the context of open-access fisheries above, under low MSLs fishing was often 
unsustainable regardless of whether cryptic mortality of any kind was present or not. Thus, 
the addition of noncompliance when MSLs were low, despite the rates being high, did not 
change the status of already recruitment overfished stocks. At high MSLs, catch rates of 
protected fish were generally high, so correspondingly noncompliance rates were generally 
low. This leaves us with a very narrow intermediate MSL range where, in the absence of 
noncompliance the fishery was sustainable, but where in its presence catch rates were 
sufficiently low to cause elevated noncompliance rates. Whether this combination of events 
occurred was strongly dependent on the LHT being targeted and the level of hooking 
mortality present. In this intermediate range of MSLs, the more resilient LHTs had catch rates 
sufficiently high that noncompliance was low. By contrast, while the intrinsically more 
vulnerable LHTs experienced elevated noncompliance rates because catch rates were 
sufficiently low at intermediate MSLs, when hooking mortality was sufficiently high (e.g., > 
10%) the population was no longer biologically sustainable even in the absence of 
noncompliance. Accordingly, we only saw an impact of noncompliance when hooking 
mortality levels were low and LHTs were intrinsically vulnerable to overfishing. 
With this understanding in mind, it becomes clear why noncompliance had little influence on 
the social and biological outcomes under optimal regulations. When managed optimally, we 
found that noncompliance generally had very little influence on the biological and social 
conditions of the fishery, particularly for the more resilient LHTs (e.g., perch, brown trout, 
and to a lesser extent pikeperch). This was due to the state of the fishery under optimal 
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regulations; catch rates of protected fish were sufficiently high that very low noncompliance 
rates resulted (generally < 5% = weak depensation). By contrast, for the less resilient LHTs 
(e.g., pike and bull trout), catch rates of protected fish were generally lower resulting in 
higher noncompliance rates (often > 10% = strong depensation). To compensate for this 
increased source of mortality, particularly at low hooking mortality rates, optimal license 
levels were strongly reduced to maintain pike and bull trout populations. Thus, in general, the 
biological impact of noncompliance was found to be negligible compared to elevated hooking 
mortality for most LHTs (except bull trout) under conditions of a well-managed fishery 
maintained at optimal regulations. However, this does not to minimize the importance of 
accounting for noncompliance in fisheries management, because for intrinsically more 
vulnerable LHTs it can still strongly influence optimal regulations and their efficacy, 
particularly at the low hooking mortality levels (≤ 10%) that are commonly reported for 
freshwater fisheries (Hühn and Arlinghaus 2011). 
In fact, if noncompliance is indeed a depensatory process (Näslund et al. 2010, Sullivan 
2002), accounting for its presence can be critical for the biological sustainability of the 
fishery, particularly if fisheries are not managed in an optimal manner. We found that 
ignoring hooking mortality when setting optimal regulations, if in fact present, resulted in the 
recruitment overfishing of all but the most resilient LHT, perch. However, the level of 
hooking mortality required for overfishing to occur was reduced, substantially in the case of 
less resilient LTHs), when noncompliance was present. Likewise, if fishing effort was 
uncontrolled, accounting for noncompliance became critical, particularly in the range of 
MSLs currently used in many recreational fisheries and at low hooking mortality levels (0-10 
%). Noncompliance accelerates the decline of already vulnerable species when fisheries are 
open access (Post 2013, Post et al. 2002). Our results collectively suggest that considering 
noncompliance is important both when setting optimal regulations and when predicting the 
impacts of angling on open-access recreational fisheries.  
Limitations and extensions 
Like any other modelling exercise, our bioeconomic model has a number of limitations that 
prevent the predictions being taken as face value. While we feel certain about the trends our 
model derives, we cannot trust single-species predictions to exactly represent outcomes to be 
expected on any given ecosystem. Many of the limitations of the modelling framework 
presented here (e.g., the single fishery rather than landscape focus of our model) were 
discussed by Johnston et al. (2010), 2013) and the reader is referred to these sources for a 
detailed account. However, one of the major limitations mentioned in these papers, the 
theoretical description of angler types, was addressed here by using empirical results from a 
stated discrete choice experiment to describe angler behaviour. However, due to limitations 
with the range of attribute levels tested in the choice experiment, e.g., not including 
sufficiently low catch rates or sufficiently high MSLs in the original angler survey, we 
needed to “tune” some of the coefficients and functional forms of the PWU functions from 
Beardmore et al. (2013) based on realistic assumptions about how anglers would behave at 
these extremes (e.g., at very low catch rates or at very high MSL). In the future the range of 
levels for attributes considered in choice experiments should be extended to allow for the 
integration of choice model results into a bioeconomic model framework. Along a similar 
vein, because only four attribute levels were tested for many attributes by Beardmore et al. 
(2013), the functional-form of the PWU relationships were limited to linear ones. Testing a 
larger number of levels would allow for the detection of more complex relationships, such as 
the quadratic relationships we used in our model to describe the PWU for daily catch and the 
angling regulations. Finally, the thresholds beyond which anglers voluntarily released fish 
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can strongly influence predictions depending on the LHT in question.  In this study, values 
used were estimated from diary data from M-V anglers for perch, and it was assumed that 
this threshold applied across all LHTs. However, the harvesting behaviour of anglers depends 
on the target species (Beardmore et al. 2011, Hunt et al. 2011). For example, an angler may 
be more harvest-oriented when targeting perch and more trophy-oriented when targeting pike, 
and there might be interactions in harvesting decisions among species (Hunt et al. 2002). 
Such dynamics were not accounted for in the present model because we simulated a single-
species fishery rather than a multi-species community. Anglers’ species preferences may also 
be important for determining noncompliance rates, for example, with bass anglers being more 
compliant with regulations than non-bass anglers (Glass and Maughan 1984). Furthermore, 
we assumed that angler behaviour was consistent over time, which may not be the case 
(Baerenklau and Provencher 2005). Likewise, compliance with regulations over time may 
also change ( but see Caroffino 2013, Näslund et al. 2010), and hooking mortality may 
decrease as anglers gain experience and improve their handling practices (e.g., Diodati and 
Richards 1996, Meka 2004). The influence of temporal changes in angler behaviour deserves 
further study and should be integrated in extensions of the present work.  
Our representation of noncompliance was based on empirical findings by Sullivan (2002), 
who reported that noncompliance was lowest under mandatory catch-and-release regulations, 
perhaps because anglers who fished these walleye lakes had no expectation of harvest. 
However, recent studies suggest that noncompliance rates are positively related to the 
restrictiveness of regulations that require large proportions of the catch to be released, 
because anglers wish to harvest some fish (Caroffino 2013, Henderson and Fabrizio 2013). 
However, the noncompliance index used in these studies, rather than being the proportion of 
protected fish caught that were harvested as was used by Sullivan (2002) and in our study, 
was defined as the proportion of protected- versus legal-sized fish harvested, which depends 
on the size structure of the population in addition to illegal harvest levels (Sullivan 2002). 
Without a specific model that represents such noncompliance patterns, it is unclear how it 
would modify the results we have presented here, particularly because Sullivan (2002) found 
that a high proportion of illegal fish in the total harvest did not necessarily correlate with high 
illegal harvest rates as we defined it in our study.  More research is needed to determine if 
noncompliance is indeed a depensatory process, simply an additive effect, or present in some 
other form, and once determined what the strength of the relationship is in relation to catch 
rate, harvest rate or regulation strictness across a range of species. 
Conclusions 
We found that hooking mortality strongly affected the biological and social conditions under 
optimal regulations, and the regulations themselves. As hooking mortality increased, the 
optimal angling effort declined and generally so did the optimal MSL. In particular, this is 
expected when the angler population is composed of more committed angler types, and may 
be of less concern if anglers are casual because they have little effect on stocks when their 
effort is not excessive or unlimited. The impact of noncompliance on the socially optimal 
regulations predicted was isolated to the intrinsically most vulnerable LHTs and a narrow 
range of hooking mortality levels, but under socially input and output regulations the impact 
of noncompliance on the fish stock was negligible. Despite the added mortality from C&R 
and noncompliance, using an OSY approach for the management of recreational fisheries, in 
most cases, resulted in biological sustainability. However, the changes in regulations required 
to maintain a sustainable fishery in the presence of cryptic mortality will lead to fisheries that 
are suboptimal in terms of the social welfare they produce. Furthermore, ignoring the 
presence of hooking mortality and noncompliance completely when setting optimal 
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regulations, or simply the inability to set regulations in an optimal manner such as in open-
access fisheries, may result in biologically unsustainable fisheries. Under these conditions, 
hooking mortality increases the MSL needed to avoid recruitment overfishing, and the impact 
of noncompliance on recruitment overfishing becomes non-trivial, often requiring further 
increases in MSL to avert overexploitation. Accounting for hooking mortality and 
noncompliance is, thus, critical to reduce the implementation uncertainty associated with 
harvest regulations, and recreational-fisheries managers may need to consider input controls 
to a greater extent than is presently the case to maintain high quality fisheries that are also 
biologically sustainable. 
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Figure 1. Schematic of modelled fishery components and their interactions. 
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Figure 2. Part-worth-utility (PWU) functions describing the relative preferences of the three 
angler types described by Beardmore et al. (2013) for various fishery attributes. PWU, an 
economic term, is the contribution of a single fishery attribute to the total utility an angler 
derives from fishing, and is determined using the coefficients of the regression model from 
the choice experiment. See Table A3 for parameters describing these relationships. SD = 
standard deviation units. 
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Figure 3. The proportion of simulations across the range of minimum-size limits and license 
numbers tested (excluding zero licenses) that resulted in a spawning-potential ratio > 0.35 
under different levels of hooking mortality, in the presence and absence of noncompliance. 




Figure 4. Optimal minimum-size limit (MSL, as a proportion of maxL  ), optimal license 
number, and spawning-potential ratio (SPR) under different levels of hooking mortality, in 
the presence and absence of noncompliance mortality. Results are presented for different 
angler populations and fish life-history types. 
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Figure 5. The influence of the presence (Sullivan-type relationship) and absence of 
noncompliance (NC) mortality, across a range of hooking mortality levels, on  the spawning-
potential ratio (SPR) that results under scenario optimal regulations (solid lines) and under 
the optimal regulations predicted when hooking mortality is ignored (i.e., 0% hooking 
mortality and no noncompliance; dotted lines). Results are presented for different angler 
populations and fish life-history types. The horizontal dashed line indicates a SPR of 0.35. 
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Figure 6. The change in total utility under optimal regulations at different levels of hooking 
mortality, in the presence and absence of noncompliance mortality. The difference presented 
is relative to the total utility when hooking mortality and noncompliance were absent. Results 




Figure 7. The biological consequences in terms of spawning-potential ratio (SPR) of hooking 
mortality (HM) in the presence and absence of noncompliance (NC) mortality when license 
numbers are maximized, mimicking an open-access fishery. Three levels of hooking 




Part-worth utility functions adjustments: average daily catch, minimum-size limit, and daily bag 
limit 
The part-worth utility (PWU) function for average daily catch presented by Beardmore et al. 
(2013) was altered to improve its use in the present model. The main reason justifying the change 
was that the range of catch rates tested by Beardmore et al. (2013) did not include extremely low 
catch levels, and the extreme nonlinearities that likely occur in this parameter space because 
anglers are very unlikely to fish on lakes where catch rates are zero (Cox et al. 2003). Using the 
original scale and functional form would substantially overestimate probability of angling when 
catch rates drop to very low levels in the model environment. Thus, we fitted a quadratic function 
through the predicted PWU at the four levels of catch rates tested by Beardmore et al. (2013) and 
two additional points that extend the PWU function beyond the levels tested in the choice 
experiment; one where catch rates were zero, and one at the maximum relative catch possible (see 
below).  The PWU at the point of zero catch was set at the utility that would result in a 
probability of fishing of 6, 5, and 13% (committed, casual, and trophy anglers, respectively), 
when PWU of all other attributes equals zero, reflecting the average fishing experience for these 
other attributes, but accounting for differences in the intercept terms (i.e., the base alternatives of 
fishing outside the study area of Mecklenburg-Vorpommern, and not fishing at all, see 
Beardmore et al. 2013). The probability values used (6, 5, and 13%) correspond to the percentage 
of all trips taken by each angler type that were taken by anglers of that type who had average 
daily catch rates of zero (i.e., they never caught a fish on any trip) as reported in angler diaries 
when perch, pike or pikeperch were targeted (146/2401, 59/1117, 17/133, trips for class 1, class 
2, and class 3 anglers, respectively). In addition, to minimize the likelihood that the PWU would 
decline at catch rates higher than those tested by Beardmore et al. (2013), we included the second 
additional point at the maximum standardized catch rate achieved under unexploited conditions. 
The PWU at this maximum point was predicted using the original linear coefficients from 
Beardmore et al. (2013)  for daily catch. 
To allow relative MSL and daily bag limits to be modelled as continuous variables, rather than as 
discrete function as in the original stated preference survey by Beardmore et al. (2013), quadratic 
functions were fit to the data. The means or current levels used to standardize these regulatory 
attributes in a manner similar to Beardmore et al. (2013) are provided in Table A3. In terms of 
daily bag limits, Beardmore et al. (2013) tested a wide range of attribute levels, so no additional 
data was required for the fit of the PWU function for this attribute. The only assumption made 
here was that unlimited bag limits were 3 times the average daily catch rate mean, as this is 
beyond the maximum catch rates possible in our model. MSL, however, was only tested at four 
levels over a narrower range in the choice experiment by Beardmore et al. (2013).  Thus, while 
data was available for no MSL, extremely high values that result in mandatory catch-and-release 
(C&R) were not part of the stated preference survey. Thus, we added an additional point that 
represented mandatory C&R (e.g., maxL  ) to the dataset used to fit the PWU function for MSL.  
The PWU at the point of mandatory C&R was set at the utility that would result in a probability 
of fishing of 5%, 10% and 20% for committed, casual, and trophy anglers respectively, when the 
PWU of all other attributes equaled zero, but accounting for differences in intercept terms (i.e., 
the base alternatives of fishing outside the study area, and not fishing at all). Differences in the 
aversion to restrictive MSLs (i.e., the use of 5%, 10% or 20%) among the angler types reflected 
differences in how important harvest and commitment to angling were for determining class 
membership as reported by Beardmore et al. (2013), and reflected differences in anglers’ 
propensity to voluntarily release fish (Table A4). In terms of other fishing practices (e.g., 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A2. Model variables. Bioeconomic model equations are listed in Table A1 and 
parameters for life-history types are listed in Table S1. Parameters used to describe angler-
type behaviour and fishing practices are specified in Tables A3 and A4, respectively. 
Symbol Description (unit, where applicable) Value or range 
Index variables  
t  Time within the year (y) 0.0 - 1.0 
a  Age class (y) 0 - maxa  
j  Angler type committed; casual; 
trophy 
Angling regulations  
MSL  Minimum-size limit (cm) 0 - maxL  
LA  Number of licenses issued 0 – 100 
Angling practices  
h jf  Proportion of fish dying from hooking mortality 0.0, 0.05, 0.10, 0.25, 
0.50 
n jf  Proportion of fish under the legal size limit MSL  harvested illegally 0; Sullivan equation 
Age-structured fish population  
aN  Density of fish of age a  (ha
-1) 0 - ∞ 
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Abstract
Managing fisheries using length-based harvest regulations is common, but such
policies often create trade-offs among conservation (e.g. maintaining natural age-
structure or spawning stock biomass) and fishery objectives (e.g. maximizing yield
or harvest numbers). By focusing harvest on the larger (older) fish, minimum-
length limits are thought to maximize biomass yield, but at the potential cost of
severe age and size truncation at high fishing mortality. Harvest-slot-length limits
(harvest slots) restrict harvest to intermediate lengths (ages), which may contribute
to maintaining high harvest numbers and a more natural age-structure. However,
an evaluation of minimum-length limits vs. harvest slots for jointly meeting fisher-
ies and conservation objectives across a range of fish life-history strategies is cur-
rently lacking. We present a general age- and size-structured population model
calibrated to several recreationally important fish species. Harvest slots and mini-
mum-length limits were both effective at compromising between yield, numbers
harvested and catch of trophy fish while conserving reproductive biomass. How-
ever, harvest slots consistently produced greater numbers of fish harvested and
greater catches of trophy fish while conserving reproductive biomass and a more
natural population age-structure. Additionally, harvest slots resulted in less waste
in the presence of hooking mortality. Our results held across a range of exploitation
rates, life-history strategies and fisheries objectives. Overall, we found harvest slots
to represent a valuable option to meet both conservation and recreational fisheries
objectives. Given the ubiquitous benefits of harvest slots across all life histories
modelled, rethinking the widespread use of minimum-length limits is warranted.
Keywords Conservation, longevity overfishing, minimum-size limit, multiple
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Recreational fishing constitutes the main use of
freshwater fish stocks, and many coastal ones, in
all industrialized and many developing nations
(Arlinghaus et al. 2002a; FAO 2012). To protect
fish stocks from overfishing and meet ecological
and social objectives, length-based management is
common (Radomski et al. 2001; Lewin et al.
2006). Simple harvest regulations were already in
use in mediaeval times (Redmond 1986; Welcom-
me 2001; Arlinghaus et al. 2002b), and they are
widely used in freshwater recreational fisheries
(Noble and Jones 1999; Paukert et al. 2001; Ra-
domski et al. 2001). As the recreational use of fish
populations in coastal zones increases (Coleman
et al. 2004; Pawson et al. 2008; Ihde et al. 2011;
Lloret and Font 2013), length-based management
will likely become more prevalent in many saltwa-
ter fisheries as well (Van Poorten et al. 2013).
Length-based harvest regulations help achieve
the maximum sustainable yield (MSY) and may
contribute to the optimum social yield (OSY) in
recreational fisheries (Roedel 1975; Hudgins and
Malvestuto 1996). MSY was a relevant objective
in recreational-fisheries management in times
when subsistence motives were common (Red-
mond 1986; Nielsen 1999). However, consump-
tive motives are on the decline in many
recreational fisheries (Arlinghaus et al. 2007;
Allen et al. 2008; Myers et al. 2008). Correspond-
ingly, the key management objective is no longer
biomass-based MSY, but optimizing the quality of
a multifaceted fishing experience to anglers
(Crutchfield 1962; Hendee 1974; Roedel 1975;
Driver 1985; Johnston et al. 2010).
Many factors contribute to the quality of fishing
as perceived by anglers (Freudenberg and Arling-
haus 2010), and both catch-related and non-
catch-related attributes of the fishing experience
play a role (Hunt 2005). Although variation
among cultures and fisheries exist (Bryan 1977;
Fisher 1997; Dorow et al. 2010), non-harvest
attributes of the catch-related fishing experience,
such as catch rate (Anderson 1993; Cox et al.
2003) and size of the fish captured (Powers et al.
1975; Jacobson 1996; Arlinghaus 2006), are
important for angler utility and satisfaction. The
quality of a recreational fishery may thus be maxi-
mized at lower fishing mortality than the fishing
mortality that produces MSY (Caddy 1999; Ra-
domski et al. 2001). This occurs because at low
fishing mortality, the degree of size and age trun-
cation is less pronounced, in turn potentially
achieving a compromise between modest harvest
and improving the potential for anglers to catch
large, trophy fish. Hilborn (2007) called this area
left to the MSY on an inverted dome-shaped yield
curve a ‘zone of new consensus’ because it may
satisfy the interests of multiple stakeholders better
than a biomass-based MSY objective.
At high fishing effort levels, length-based har-
vest limits are needed to prevent overfishing and
meet management objectives. The most common
technique is a minimum-length limit (MLL), where
small, usually immature fish must be released and
fish over the MLL may be harvested. Other length-
based harvest regulations include maximum-
length limits and combinations of minimum- and
maximum-size limits that result in either harvest-
slot limits (harvest of intermediate size fish, also
referred to as harvest window, inverse slot or open
slot) or protected slot limits (where intermediate
size classes are protected from harvest) (Noble and
Jones 1999; FAO 2012).1 The majority of research
on slot limits has been devoted to protected slots
(e.g. Wilde 1997; Pierce and Tomcko 1998; Dot-
son et al. 2013), with no empirical assessment
published on the performance of harvest slots.
Despite this lack of research, harvest slots (HSs)
are in use in selected fisheries such as some
1Note that the unqualified term ‘slot limit’ should not be used to
avoid confusion; it is used interchangeably in the literature to
mean either open or closed slot.
2 © 2013 John Wiley & Sons Ltd, F ISH and F ISHER IES
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Florida inshore fish stocks in the Gulf of Mexico,
the sturgeon fisheries on the west coast of North
America and Nile perch (Lates niloticus, Latidae) in
Lake Victoria (Law et al. 2012).
Some theoretical studies on the effectiveness of
HSs have been conducted, but they were focused
on a species-specific level (Arlinghaus et al. 2010
for northern pike Esox lucius, Esocidae, Clark et al.
1980; Jensen 1981; Garcıa-Asorey et al. 2011 for
various freshwater salmonids including the anad-
romous steelhead Oncorhynchus mykiss, Salmoni-
dae, and Koehn and Todd 2012 for Murray cod,
Maccullochella peelii, Percichthyidae). Few generic
fish population models have examined the perfor-
mance of HSs, relative to alternative harvest regu-
lations (Reed 1980; Botsford and Hobbs 1986;
Law et al. 2012). Moreover, all these studies were
strictly focused on optimizing biomass yield, and
no research has compared the relative perfor-
mance of HSs versus the more common MLLs
across a range of fish life histories against alterna-
tive objectives to biomass yield, such as maximiz-
ing harvest numbers and the abundance of trophy
fish.
The purpose of this study was to identify
outcomes and trade-offs when applying HSs and
MLLs to provide numerical harvest (harvest),
biomass harvest (yield), trophy catch and stock
conservation (using a range of indices). We per-
formed this evaluation using a general age- and
size-structured model for two prototypical fish pop-
ulations that represented two extreme forms of
productivities (life history). To provide a broad
context to our results, we also evaluated the utility
of HSs for managing several recreationally impor-
tant fish species characterized by more specific life
histories. The results have broad implications by
calling into question the almost ‘default’ use of
MLLs to manage recreational fisheries around the
globe.
Conceptual background and review of
length-based harvest regulations
The rationale for length-based harvest regulations
involves at least four concerns. First, size limits are
designed to avoid recruitment overfishing (Allen
et al. 2013). Such arguments are common in the
implementation of the popular MLLs based on the
‘spawn-at-least-once’ idea (Novinger 1984; Red-
mond 1986). Second, length-based harvest limits
are intended to manage the size-structure of fish
stocks to meet expectations of anglers (Clark et al.
1980; Jensen 1981; Noble and Jones 1999).
Third, directing exploitation on particular size-clas-
ses can produce the MSY. Many age-structured
models developed in the mid-20th century pre-
dicted an optimal age at entry into the fishery to
maximize biomass yield (Ricker 1945; Allen 1953;
Saila 1956; Beverton and Holt 1957). Because age
and size are correlated and due to the impossibility
to harvest single age classes entirely, these find-
ings were transferred into management practice
by implementing a MLL where over this size
aggressive culling would maximize biomass yield
or yield per recruit (Dunning et al. 1982; Maceina
et al. 1998). A final reason for length-based har-
vest limits is convenience. Recreational fisheries
are often open access, and there is a paucity of
monitoring information for more complex manage-
ment across the fisheries landscape (Post et al.
2002). In the absence of fishery-specific informa-
tion, implementation of a MLL might be seen as a
simple regulation intended to protect all stocks
from recruitment overfishing. Correspondingly, in
some countries, such as Germany, entire land-
scapes of spatially structured fisheries are com-
monly managed with one-size-fits-all MLLs
(Daedlow et al. 2011). However, when fishing
effort is intensive, a MLL severely truncates the
size- and age-structure (Wilde 1997; Arlinghaus
et al. 2010; Pierce 2010), which can affect the
overall quality of the fishery by reducing the avail-
ability of trophy fish to anglers (Jacobson 1996;
Garcıa-Asorey et al. 2011).
From a conservation perspective, there is
renewed concern that the systematic removal of
large fish may have ramifications for population
fecundity and recruitment dynamics (e.g. Grey
and Law 1987; Berkeley et al. 2004a,b; Birkeland
and Dayton 2005). Several mechanisms have been
proposed to explain why fisheries-induced demo-
graphic changes towards younger and smaller fish
affect recruitment dynamics and productivity of
stocks. First, a large fraction of young spawners
amplifies a stock’s non-linear dynamics, hence de-
stabilizing its abundance (Reed 1983; Anderson
et al. 2008; Hsieh et al. 2010). Second, in many
fish species, spawning occurs at different times
and areas for fish of different size/age (Wright and
Trippel 2009), providing a buffer against environ-
mental stochasticity (Berkeley et al. 2004a;
Hidalgo et al. 2011; Rouyer et al. 2011). Third,
the existence of age- and size-dependent maternal
© 2013 John Wiley & Sons Ltd, F I SH and F I SHER IES 3
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effects on egg and larval quality could influence
recruitment in some fish species (Berkeley et al.
2004a,b; Arlinghaus et al. 2010; Venturelli et al.
2010), but there is no agreement as to how preva-
lent this effect is in nature (O’Farrell and Botsford
2006; Marshall et al. 2010; Ottersen et al. 2013).
Finally, in most fishes, fecundity increases expo-
nentially with length and linearly with body mass
(Wootton 1998). This is due to large fish not only
having a greater body volume for holding eggs,
but also because they may devote a greater frac-
tion of surplus energy to egg production than
smaller mature fish (Lester et al. 2004; Edeline
et al. 2007). Thus, large fish have a greater rela-
tive reproductive value (Grey and Law 1987; Xu
et al. 2013) and may contribute strongly to year
class strength and surplus production under
exploited conditions (Walters et al. 2008; Arling-
haus et al. 2010). Using length-based HSs to
maintain highly fecund large individuals could
thus represent a powerful strategy for managing
fisheries sustainably.
The ultimate choice of the particular length-
based harvest regulation depends on a range of
factors such as management objective, population
status, fishing mortality rate and the particular
processes that govern a fish stock (FAO 2012).
When the management objective is MSY, MLLs
should be most useful when natural mortality and
recruitment rates are low, and growth of fish is
rapid (Novinger 1984; Brousseau and Armstrong
1987; FAO 2012). However, if size-related mater-
nal effects influence recruitment (e.g. the fecundity
reserve of large spawners; Venturelli et al. 2009,
2010), harvest-slot limits that protect both young
and old fish might outperform MLLs over a range
of fishing rates (Reed 1980; Arlinghaus et al.
2010; FAO 2012). Protected slots may perform
better if people enjoy harvesting large fish, but for
them to be effective recruitment must be suffi-
ciently high (Brousseau and Armstrong 1987;
FAO 2012). Protected slots are particularly advis-
able if competition among juvenile fish is excessive
such that thinning of juvenile fish promises to
relax competition, increase growth and reduce
natural mortality (Brousseau and Armstrong
1987). For protected slots to work, however, peo-
ple must be able and willing to harvest small fish
(FAO 2012), which is often not the case (Wilde
1997; Pierce and Tomcko 1998). Thus, the appli-
cability of protected slots may be less than for HSs
and MLLs. This article therefore focused on HSs
and MLLs for their utility in recreational fisheries
management.
Despite the frequent use of length-based harvest
limits in recreational fisheries (Radomski et al.
2001), most studies evaluating the effectiveness of
such regulations are single-system case-studies
that lack control fisheries and long time series and
hence have low power to detect regulation effects
(Allen and Pine 2000). In a meta-analysis, Wilde
(1997) analysed MLLs and protected slots in large-
mouth bass (Micropterus salmoides, Centrachidae)
fisheries in the U.S.A. He reported protected slots
to be effective in increasing the proportion of large
fish in the stock. However, the same regulations
failed to increase angler catch rates, which is an
indication that they did not elevate stock sizes.
Additionally, MLLs failed to increase the propor-
tion of large fish harvested by anglers (Wilde
1997). Based on these results and other considera-
tions, some have questioned the usefulness of
MLLs (Tesch and Wehrmann 1982; Conover and
Munch 2002; Birkeland and Dayton 2005), and
increasingly alternative regulations to MLLs are
sought, in particular when maintaining large fish
in the stock is considered important (Pierce 2010).
In this context, the use of HSs has increasingly
been proposed as alternative to MLLs to protect
large and old as well as immature fish for reaping
ecological (Berkeley et al. 2004a; Arlinghaus et al.
2010; Venturelli et al. 2010; Law et al. 2012),
evolutionary (Conover and Munch 2002; Law
2007; Matsumura et al. 2011) and fisheries bene-
fits (Jensen 1981; Arlinghaus et al. 2010). How-
ever, no theoretical research has tested the
performance of HSs for a range of fish life histories
relative to the much more widespread MLLs.
The model
We constructed an age- and size-structured popu-
lation model to determine ‘optimal’ length-based
fishery regulations when management objectives
are to jointly consider several fishery attributes of
value to anglers (harvest, yield and trophy catch),
while conserving the fish stock’s reproductive
capacity and minimizing age and size truncation.
To evaluate the performance of MLLs and HSs as
fishery regulations across life histories, the model
first simulated fish populations with low-produc-
tive and high-productive life histories that differed
in longevity, growth and recruitment compensa-
tion levels (Myers et al. 1999; Goodwin et al.
4 © 2013 John Wiley & Sons Ltd, F ISH and F ISHER IES
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2006). In the simulations, we accounted for natu-
ral mortality, harvest mortality, discard mortality
(known in recreational fisheries as hooking mor-
tality), length-based vulnerabilities to the fishery
and density-dependent compensation in the
recruitment process. We evaluated the fishery per-
formance and conservation status for each life-his-
tory strategy, for medium and high exploitation
scenarios, and across a range of MLLs and HSs to
reveal regulations that provide a compromise
among conservation and fishery objectives. We
then modelled a series of specific fish species that
commonly support recreational fisheries to provide
context to our results and serve as a form of sensi-
tivity analysis.
Model formulation
We simulated an age- and size-structured fish pop-
ulation with multiple growth trajectories similar in
structure to Coggins et al. (2007). The model
incorporated multiple growth trajectories to more
realistically represent the effects of size-selective
exploitation. The length-at-age of fish in each
growth trajectory was modelled with a standard
von Bertalanffy (1938) growth curve as:
La;g ¼ L1;g 1 ekðat0Þ
 
; ð1Þ
where La,g is the total length of an age a (a = 1 to
A) fish in growth trajectory g (g = 1 to G), k is the
metabolic parameter that determines the rate that
fish attain maximum length, t0 is the theoretical
age at length zero, and L∞,g represents the maxi-
mum length of fish in growth trajectory g. We
simulated variability in growth by assigning
each growth trajectory a unique maximum length
(L∞,g).
Equilibrium abundance at age for each growth
trajectory (Na,g) was calculated as the product of
the predicted number of age-1 recruits at equilib-
rium (Req) and the proportion of fish surviving to
each age (la,g) as
Na;g ¼ Reqla;gpg; ð2Þ
where pg is the probability of a fish belonging to a
given growth trajectory. The parameter la,g is the
survivorship schedule that simulates the propor-
tion of age-1 recruits surviving to each age
for each growth trajectory. Survivorship to age a
was calculated recursively for each growth trajec-
tory as
la;g ¼ la1;geZa;g l1;g ¼ 1; ð3Þ
where Za,g is the total instantaneous mortality rate
for age a in growth trajectory g. The total annual
instantaneous mortality rate incorporated natural
mortality, harvest mortality and discard mortality
as
Za;g ¼ M þ FVa;g þ ðF0Va;g  FVa;gÞD; ð4Þ
where M is the instantaneous annual natural
mortality rate, F and F′ are the instantaneous
annual harvest (i.e. exploitation) and catch rate of
vulnerable fish, respectively, and Va,g and V
0
a;g are
the length-specific vulnerabilities to harvest and
catch, respectively. The parameter D is the discard
mortality rate, which represents the proportion of
caught and released fish that die due to the cap-
ture and handling process. Formulating the total
mortality equation with instantaneous rates mod-
els a fishery where exploitation occurs continu-
ously throughout each year and accounts for the
competing risks of deaths due to exploitation, dis-
card mortality and natural mortality. The vulnera-
bility to harvest for a given age and growth
trajectory (Va,g) was expressed as a Boolean vari-
able, where Va,g = 1 indicates that fish at age a in
growth trajectory g are vulnerable to harvest and
Va,g = 0 indicates that they are invulnerable to
harvest. Thus, the values of Va,g were determined
with a logical test to indicate vulnerability to the
fishery as
Va;g ¼ 1; when Lmin\La;g\Lmax;
Va;g ¼ 0; when Lmin [ La;g or Lmax\La;g;
ð5Þ
where Lmin is the minimum length where fish are
vulnerable to harvest and Lmax is the maximum
length where fish are vulnerable to harvest. Thus,
Lmin and Lmax represent the lower and upper
length limit of a HS, respectively, and simulated a
cohort of fish gradually becoming vulnerable to
the fishery as fish in each growth trajectory grow
into the legal length range for harvest. The
parameter V0a;g is the length-based vulnerability of
fish to capture, which was also determined as a
Boolean variable that took the value of one when
La,g was greater than the minimum length vulner-
able to capture (Lcap) and was otherwise zero.
Equilibrium recruitment Req was predicted using
a Botsford modification of a Beverton and Holt
(1957) stock-recruitment function (Botsford
1981a,b). This formulation predicts the number of
age-1 recruits of an exploited population at
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equilibrium directly and is summarized in Walters
and Martell (2004) as
Req ¼ R0 CR ðU0=Uf Þ
CR 1 ; ð6Þ
where R0 is the number of age 1 recruits in the
unfished condition and CR is the Goodyear recruit-
ment compensation ratio (Goodyear 1980), which
represents the maximum increase in juvenile sur-
vival at reduced densities. The parameters Φ0 and
Φf are fecundity incidence functions that account
for the cumulative effects of natural mortality,
harvest mortality and discard mortality on the
total annual fecundity of the population in the un-
fished and fished condition, respectively. We calcu-
lated the fecundity incidence functions per Walters







where fa,g is the average fecundity of fish of age a
in growth trajectory g. Fecundity at age (fa,g) was
approximated as the difference between the mean
weight-at-age and the weight-at-maturation
because fecundity is usually directly proportional
to weight (Walters and Martell 2004). When the
mean weight-at-age was less than the weight-at-
maturation, fa,g was set to a value of zero. This
essentially modelled a ‘knife-edge’ transition of fish
from immature to mature stages at the specified
length at maturation. Weight-at-age was predicted
using a standard length–weight relationship as
Wa;g ¼ aLba;g; ð8Þ
where a is the scaling parameter and b is the allo-
metric parameter that modifies the relationship
between length and weight.
Model outputs
The model was used to evaluate three standardized
(scaled) measures of fishery performance at equi-
librium, (i) the proportion of the maximum possi-
ble number of fish harvested (hereafter referred to
as harvest); (ii) the proportion of the maximum
possible number of trophy fish caught; and (iii) the
proportion of maximum possible biomass yield
(hereafter referred to as yield). These metrics were
chosen as indicators of the social and economic
value of the fishery because they are common
components of the fishing experience that anglers,
managers or other stakeholders value (Jensen
1981; Jacobson 1996; Arlinghaus 2006). We
present all metrics on a normalized scale as pro-
portions of total possible to allow unambiguous
comparisons and elucidate possible trade-offs.
The proportion of the maximum possible harvest






Na;g 1 eFVa;gð Þ
Hmax
; ð9Þ
where the term (1 eFVa;g ) represents the propor-
tion of age a fish harvested from each growth tra-
jectory and Hmax represents the maximum possible
numbers harvested across the full range of both
HS and MLL regulations for a given life-history/
exploitation-rate scenario. Thus, the harvest
obtained from each HS and MLL was compared
with the maximum harvest value Hmax obtained
from any regulation.
Similarly, the proportion of the maximum possi-
ble number of trophy-sized fish caught by anglers











where ta,g was a Boolean variable that takes the
value of one when La,g was greater than or equal to
trophy size fish and the value of zero when La,g was
less than a trophy size fish. Fish were considered
trophy size if they were ≥85% of the average maxi-
mum total length across growth trajectories (L1).
The parameter Tmax represented the maximum pos-
sible numbers of trophy fish caught across the full
range of both HS and MLL regulations for a given
life-history/exploitation-rate scenario.
The proportion of maximum possible biomass






Na;gWa;g 1 eFVa;gð Þ
Ymax
; ð11Þ
where Wa,g is the weight of a fish at age a in
growth trajectory g calculated with equation 8
and Ymax is the maximum possible yield across the
full range of HS and MLL regulations for a given
life-history/exploitation-rate scenario.
For simulations that included discard mortality,
we calculated the harvesting efficiency (E) as a
fourth performance metric. The E metric indicates
the fraction of total fishery-related deaths that are
due to harvest (Coggins et al. 2007; Arlinghaus
et al. 2010). It was calculated as
6 © 2013 John Wiley & Sons Ltd, F ISH and F ISHER IES







Na;g 1 eFVa;gð Þ
Na;g 1 e Za;gMð Þ
 ; ð12Þ
where the numerator is the number of harvested
fish and the denominator is the total number of
fishery-related mortalities (i.e. total mortalities –
natural mortalities). Low values of E indicate a
high proportion of fish deaths due to discard mor-
tality after catch and release, and thus reduced
harvesting efficiency.
We assessed the conservation status of all simu-
lated life histories by calculating the spawning
potential ratio (SPR) and a metric of juvenescence
(J) due to fishery-induced age (and size) truncation
of the stock. The SPR was applied as a measure of
the reduction in per-recruit reproductive output of
the fish populations and was calculated as the
fecundity-per-recruit at equilibrium divided by the
fecundity-per-recruit in the unfished condition (i.e.
SPR = Φ0/Φf). SPR is a common metric used to
assess the sustainability of fisheries with values
<0.35 indicating the potential for recruitment
overfishing (Mace 1994; Allen et al. 2013). The
J metric was used to index the alteration of the
natural age- and size-structure and to account for
the disproportional importance of old and large
fish for recruitment and population stability (i.e.
‘longevity overfishing’, Beamish et al. 2006; Hsieh
et al. 2010). The value of J was calculated as the
total fecundity produced by the older half of the
age classes divided by the total fecundity of the
entire population (ReqΦf) at equilibrium. Thus,
large J values indicated greater fecundity resulting
from large, old fish, while small values indicated the
loss of large fecund spawners in the population.
We defined three specific management objectives
thought to be of relevance to recreational fisheries
managers to evaluate the relative performance of
HSs versus MLLs across the life-history types. The
first objective was harvest-oriented management,
the second objective was trophy catch-oriented
management, and a third objective represents a
compromise between harvest and trophy catch. To
operationalize each objective, we drew on two nor-
malized metrics of fishing quality, viz. the harvest
numbers H and the catch of trophy fish T. We
designed ratios between H and T to reflect underly-
ing fishing qualities to be achieved for meeting a
specific management objective. Accordingly, an
objective that would aim at a ratio of the fishing
quality H over T of 1.0 would reflect equal priority
on both numbers of fish harvested and trophy
catch. Meeting the ratio would represent identical
fishing qualities for harvest and trophy catch as
revealed by an identical percentage of H and T
that would be present under the chosen regula-
tion. Similarly, any ratio different from 1.0 would
reflect an objective that aimed at producing a
greater fishing quality on one of the two compo-
nents, without entirely disregarding the other
component. For illustrative purposes, we specified
a harvest-oriented management objective as
H = 3T, meaning that the harvest fishing quality
H would be three times the fishing quality in
terms of trophy catch T. Analogously, we defined
a trophy-fish-catch-oriented management objective
as one where the condition 3H = T is met, mean-
ing that the fishing quality in terms of catch of
trophy fish, T, would be three times that of the
fishing quality for harvest H. Our compromise
management objective was defined simply as
H = T, resulting in an equal fishing quality of H
and T. After identifying the specific regulation
(either HS or MLL) that would meet the manage-
ment objective, we calculated the fishery and con-
servation metrics at that regulation. Although the
exact weighting of our management objectives is
not likely to represent any management objective
for a specific recreational fishery accurately, the
specifications chosen provided a convenient refer-
ence for comparing the relative performance of
MLLs and HSs for meeting conservation needs,
while optimizing the fishing quality for a variety of
exploited species.
Parameterization and outline of analysis
We expected that the efficacy of length-based regu-
lations to optimize harvest, trophy catch and stock
conservation would be influenced by the life-his-
tory characteristics of the fish and the level of
exploitation applied by the fishery. Thus, we eval-
uated length-based regulations for two life-history
strategies and two intensities of fishing (high and
medium fishing mortality). The life-history strate-
gies were parameterized to represent two extremes
across a gradient of productivity levels, with one
strategy representing a generic long-lived, low-pro-
ductive species (LLLP) and the other strategy rep-
resenting a generic short-lived, high-productive
species (SLHP, Coggins et al. 2007). The LLLP rep-
resented a large-bodied fish with slow growth, late
maturation and high levels of density-dependent
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recruitment compensation (e.g. striped bass Morone
saxatilis, Moronidae). The SLHP represented a
smaller-bodied fish with fast growth, early matura-
tion and low levels of density-dependent recruit-
ment compensation (e.g. spotted seatrout
Cynoscion nebulosus, Sciaenidae). Parameter values
representing these life-history strategies were
taken from Coggins et al. (2007) with some modi-
fications (Table 1). The maximum age of the LLLP
and the SLHP was set at 30 years and 10 years,
respectively. Associated mortality and growth
parameter values were then determined from life-
history invariants. For example, the instantaneous
natural mortality rate (M) was approximated from
the maximum age as 0.15 per year for the LLLP
and 0.44 per years for the SLHP using Hoenig
(1983). The k parameter of the von Bertalanffy
growth model was approximated from M as 0.1
for the LLLP and 0.29 for the SLHP using the
established relationship of M  1.5 k (Jensen
1996).
We simulated a total of 101 growth trajectories
for each life-history type. Maximum length in each
growth trajectory was assigned by first choosing a
mean asymptotic length (L1) and then choosing a
minimum (L∞,min) and maximum (L∞,max) value
possible. The L∞ of each growth trajectory was
then assigned a value evenly spaced between L∞,
min and L∞,max. The mean asymptotic length (L1)
of the LLLP and the SLHP was set at 1000 mm
and 500 mm, respectively (Table 1). The values of
the minimum (L∞,min) and maximum (L∞,max)
asymptotic length were set as 20% of L1 for
both life-history strategies. This range approxi-
mated the 95% probability range of a normal dis-
tribution with a mean of L1 and a standard
deviation of 10% of the mean. The proportion of
the fish recruiting to each growth trajectory (pg)
was specified as the normal probability density of
L∞,g given a mean equal to L1 and a standard
deviation of 10% of L1. This formulation of
growth trajectories and pg mimicked common vari-
ability in growth of exploited fish populations
(Walters and Martell 2004).
We simulated a medium and high exploitation
fishery on each life-history strategy. The medium
exploitation fishery was specified by setting the
instantaneous annual harvest rate (F) to 80% of
the natural mortality. This approximates a fishery
harvested near MSY (Walters and Martell 2004).
The high exploitation fishery was specified by set-
ting F to twice the natural mortality rate. Exploi-
tation rates of this level generally cause growth
and recruitment overfishing indicated by yields
that are less than MSY (Walters and Martell
2004). For simplicity, we assumed that there was
no voluntary release of fish by anglers (i.e. F′ = F)
and that discard mortality (D) was negligible for
the base simulations. However, we evaluated fish-
ery performance and stock conservation at two
levels of discard mortality rates (D = 10 and 30%)
in an additional sensitivity analysis because Cog-
gins et al. (2007) noted that benefits of harvest
regulations are tightly related to the level of
Table 1 Parameter input values provided for a long-lived low-productive (LLLP) and short-lived, high-productive
(SLHP) life-history prototype.
Parameter Description LLLP SLHP
R0 Average age 1 recruitment in the unfished state 1 000 000 1 000 000
A Maximum age (years) 30 10
M Natural mortality rate (per year) 0.15 0.44
CR Compensation ratio 25 5
L1 Average asymptotic length (mm) 1000 500
L∞,min Minimum asymptotic length (mm) 800 400
L∞,max Maximum asymptotic length (mm) 1200 600
k von Bertalanffy growth coefficient (years) 0.1 0.35
t0 Theoretical age at length zero (years) 0 0
Lmat Length-at-maturation (mm) 400 200
a Length–weight constant 3.5 9 105 3.5 9 105
b Allometric parameter 2.8 2.8
Lmin Minimum length vulnerable to harvest (mm) 400 200
Lcap Minimum length vulnerable to capture (mm) 250 125
Ltroph Minimum total length of a trophy fish (mm) 800 400
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discard mortality. The discard mortality rate of
10% was chosen because it approximates a com-
mon hooking mortality rate that represents many
recreational fisheries (Bartholomew and Bohnsack
2005; H€uhn and Arlinghaus 2011), while the
value of 30% was chosen because it generally
exceeds the rate for which fishery sustainability
can be achieved through length-based harvest reg-
ulations when F is high (Coggins et al. 2007).
We evaluated the performance of a range of
MLLs and HSs by manipulating the vulnerability
to harvest (Equation 5). We considered MLLs
ranging from the length-at-maturation (Lmat) to
the maximum length possible (L∞,max). A MLL
equal to Lmat modelled a fishery where all mature
fish were legal to harvest, whereas a MLL equal to
L∞,max modelled a total catch-and-release fishery.
Similarly, we considered HSs with a minimum
legal length (Lmin) of Lmat and a maximum legal
length (Lmax) ranging from Lmat to L∞,max. A HS
with Lmax equal to L∞,max modelled a fishery where
all mature fish were legal to harvest, whereas Lmax
equal to Lmat modelled a total catch-and-release
fishery. For the base simulations, we did not con-
sider any regulation that allowed harvest of fish
shorter than length-at-maturation because har-
vesting fish before they reach maturity signifi-
cantly increases the risk of overfishing (Myers and
Mertz 1998; Froese 2004) and is usually not
implemented as a recreational-fisheries regulation.
We fixed the lower length vulnerable to capture
(Lcap) at 25% of L1 to provide a realistic standard
across life-history strategies and because very
small fish are usually not vulnerable to recrea-
tional fishing gear (Pierce et al. 1995; but see Alos
et al. 2009).
To explore how our results would transfer to
specific freshwater fish species commonly targeted
by recreational anglers, we evaluated MLLs and
HSs for Murray cod, lake trout (Salvelinus namay-
cush, Salmonidae), Eurasian perch (Perca fluviatilis,
Percidae), arctic grayling (Thymallus arcticus, Sal-
monidae), zander (Sander lucioperca, Percidae) and
northern pike. Murray cod and lake trout were
chosen because these species have life-history
characteristics that resemble the LLLP, and Eur-
asian perch was chosen because its life-history
characteristics resemble the SLHP. Zander, north-
ern pike and Arctic grayling were chosen because
they represent fish species that do not easily corre-
spond to the LLLP or the SLHP prototype and rep-
resent intermediate life-history strategies. All
species chosen are valued for recreational fishing
with both trophy and consumption components,
although cultural differences exist (e.g. pike are
usually consumed by anglers in Germany and
often released voluntarily in the USA). Input
parameter values for each species were taken from
the literature or approximated from life-history in-
variants (Hoenig 1983; Jensen 1996; Table 2).
The Goodyear recruitment compensation parame-
ter (CR) was taken from Myers et al. (1999); when
species-specific values were not available, we used
the average for the taxonomic family.
Fisheries managers never have perfect informa-
tion about critical life-history or fishery parameters
required to set appropriate regulations. Hence,
identifying regulations that are robust to incorrect
knowledge about the fishery is important (Walters
and Martell 2004). To evaluate the relative perfor-
mance of HSs and MLLs in the face of parameter
uncertainty, we performed a two-step sensitivity
analysis. In the first step, we determined the regu-
lation that met the management objectives with
incorrect parameter input values (mimicking the
determination of regulations with imperfect knowl-
edge). In the second step, we applied the regula-
tions determined with incorrect parameter inputs
to the simulated fishery to determine how robust
the regulation performance is to the incorrect para-
meter inputs. Using this approach, we evaluated
uncertainty about the instantaneous natural mor-
tality rate M, the recruitment compensation ratio
CR, the length at maturation Lmat and the instanta-
neous fishery exploitation rate F. These four
parameters were selected because they are impor-
tant determinants of the productivity of stocks and
are critical for determining regulations that opti-
mize fishery outputs and conserve stocks. Each
parameter was changed by 20% in the direction
that would render the population more resilient to
exploitation and then we evaluated how applica-
tion of regulations chosen with this optimistic sce-
nario would play out when in reality the stock is
less productive and hence, less resilient to exploita-
tion. Hence, we evaluated the impact of basing reg-
ulation choices on an M that is 20% higher, a CR
that is 20% higher, an Lmat that is 20% lower and
an F that is 20% lower than in reality.
Results
The two life histories revealed similar patterns in
terms of yield, trophy catch and harvest numbers,
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and corresponding trade-offs, between regulation
types (Figs 1 and 2). Liberal regulations (i.e. wide
HSs or low MLLs) that produced high harvest pro-
vided low trophy catch for both regulation types
and fishing mortality levels. Accordingly, restrict-
ing harvest by increasing the MLL or by decreas-
ing the upper bound of the HS resulted in an
increase in the catch of trophy fish, with maxi-
mum trophy catch being realized by a full harvest
closure (i.e. total catch-and-release fishery; Figs 1
and 2). Biomass yield was found to reach a maxi-
mum for both fishing exploitation level in both
life-history prototypes (Figs 1c,d and 2b-d), indi-
cating that our high fishing mortality level
resulted in growth and recruitment overfishing for
liberal regulations. Catches of trophy fish were
eliminated for liberal regulations unless fishing
mortality was low (Figs 1b,d and 2b,d). In the
LLLP prototype, no dome-shaped yield curve was
predicted for HSs (Fig. 1a,b), while a MLL was
present that maximized yield (Fig. 1c,d). In the
SLHP life-history prototype, maximum yield was
predicted at the high fishing mortality for a nar-
row HS and a small MLL (Fig. 2b,d). This life-his-
tory prototype also revealed a very pronounced
dome-shaped relationship of regulations and maxi-
mum harvest numbers for the high exploitation
rate, which was not the case in the less productive
LLLP life-history prototype.
In terms of management objectives, regulations
that favoured trophy catch over harvest were
found to result in more restrictive regulations (e.g.
higher MLLs or narrower HSs), while more liberal
regulations were needed to meet harvest objectives
(Table 3). Regulations that met compromise objec-
tives were always intermediate, suggesting a
trade-off among trophy catch and harvest
(Table 3). The HS regulations generally provided
higher values of all metrics except biomass yield
compared with MLLs for all management objec-
tives (compromise, trophy and harvest) and fishing
mortality rates. Values of harvest, trophy catch,
Table 2 Parameter input values and information sources used for simulations of Murray cod (Maccullochella peelii,
Percichthyidae), lake trout (Salvelinus namaycush, Salmonidae), Eurasian perch (Perca fluviatilis, Percidae), arctic
grayling (Thymallus arcticus, Salmonidae), zander (Sander lucioperca, Percidae) and northern pike (Esox lucius, Esocidae).
Parameter Murray cod Lake trout Eurasian perch Arctic grayling Zander Northern pike
R0 1 000 000 1 000 000 1 000 000 1 000 000 1 000 000 1 000 000
A 403 383 103 163 169 163
M 0.111 0.127 0.444 0.274 0.279 0.284
CR 301 2411 9.511 2411 9.511 6.111
L1 12001 8727 2788 3705 81810 9769
L∞,min 960
2 6982 2222 2962 6542 7814
L∞,max 1440
2 10462 3342 4442 9822 11714
k 0.111 0.0927 0.298 0.185 0.2410 0.199
to 0
1 07 08 1.755 0.0110 0.349
Lmat 500
1 5207 1518 2309 4569 3789
a 3.6 9 105 1 5.9 9 105 7 5.9 9 104 8 1.9 9 104 9 4.7 9 105 10 5.8 9 105 9
b 2.911 3.187 3.188 2.929 3.1610 3.079
Lmin 500 520 151 230 456 378
Lcap 300
12 21812 7012 9312 20512 24412
Ltroph 1020
6 7416 2366 3156 6956 8304
1Citations in Allen et al. (2009).





7Shuter et al. (1998).
8Heibo et al. (2005).
9Fishbase (Froese and Pauly 2006).
10Wysujack et al. (2002).
11Myers et al. (1999).
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SPR and J were nearly always higher with the
best-performing HS regulations than for the best
MLL (Table 3). This was true across life-history
types, fishing mortality rates and management
objectives, suggesting that improved performance
of the HS regulations was a general result. The
relative gains in harvest and trophy fish when
applying the HS over the MLL were greater for the
high exploitation fishery and for the LLLP proto-
type than for the medium exploitation and SLHP
prototype. Biomass yield was the only metric that
was nearly always higher for MLLs compared with
HSs (Table 3).
High levels of fishing mortality resulted in more
conservative regulations being required to meet
each management objective. For example, the pre-
ferred HS narrowed and MLL increased as fishing
mortality levels went from medium to high for
both life-history types (Table 3). However, under
conditions of high exploitation, the advantage of a
HS over a MLL for meeting management objectives
was particularly pronounced. For example, for the
LLLP under low exploitation (0.8M) with a har-
vest-based management objective, the objective-
meeting HS produced a harvest of 210 000 and
trophy catch of 14 400 fish, while the objective-
meeting MLL produced a harvest of 144 000 and
trophy catch of 9 900 fish (Table 3). This repre-
sented a 46 and 45% increase in harvest and tro-
phy catch, respectively, for the HS over the MLL.
Under high exploitation (2M), the HS produced an
170 and 176% increase in harvest and trophy
catch, respectively, indicating a strongly increased
benefit of HSs over MLLs under high exploitation.
This pattern was consistent across the two life-his-
tory strategies and the three management objec-
tives (Table 3) and indicated that the greatest
advantage of a HS over a MLL would be realized
for fisheries with high exploitation rates. These
general findings resulted because HSs restricted
the harvest to smaller, more abundant ages (sizes)
whereas the MLLs targeted larger, less abundant
ages. As a result, HS regulations increased harvest
while preserving old and large members of the
stock to serve as trophy catch and a fecundity
reserve to maintain recruitment.
Although the optimal HS for each management














































Decreasing MLLIncreasing upper HS
(a) (c)
(b) (d)
Figure 1 The proportion of the maximum possible harvest, trophy catch and biomass yield produced with a range
harvest slots (left panels, a and b) and with a range of minimum-length limits (right panels, c and d) applied to a long-
lived, low-productive fish population (LLLP) (Table 1). Panels a and c represent a fishery with medium exploitation
(F = 0.8M, M = instantaneous annual natural mortality rate) and panels b and d represent a fishery with high
exploitation (F = 2M). Left panels, a and b, describe a change in the upper limit of a harvest slot (HS) with a lower
limit of 400 mm total length. Right panels, c and d, describe a change in the minimum-length limit (MLL).
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trophy fish than MLLs, this occurred at the
expense of biomass yield. In fact, MLLs revealed a
greater potential for yields than HSs across the full
range of each regulation, particularly for the SLHP
and the high exploitation fisheries (Figs 1 and 2).
For example, the MLL meeting the compromise
management objective produced approximately
112% greater yield than the corresponding HS for
the LLLP and about 167% greater yield than the
compromise HS for the SLHP at low exploitation
(Table 3). The clear advantage of MLLs for produc-
ing higher biomass yields at each management
objective was not noticeably influenced by the life-
history strategy or the level of exploitation.
With few exceptions, both MLLs and HSs
achieved conservation objectives in terms of SPR
at each of the three objectives (Table 3). However,
the use of the HSs resulted in a greater proportion
of the total annual fecundity being produced by
older fish (J) compared with MLLs (Table 3). This
pattern was consistent across all management
objectives, exploitation levels and life-history types.
Thus, HSs placed on intermediate-age/size fish pro-
duced higher harvests and catches of trophy fish,
while meeting conservation thresholds for SPR
and for conserving the fecundity produced by older
fish for nearly all scenarios simulated. The only
case where this was not true was when the LLLP
was managed for harvest with the optimal HS
while being exploited at high rates. Under these
conditions, the MLL outperformed the HS for
maintaining high SPR values (Table 3). MLLs
were effective at maximizing biomass yields and
were similarly effective at conserving the spawning
stock (SPR). Nevertheless, conservation perfor-
mance was nearly always better with HS than
MLL regulations.
We found the relative performance of HSs and
MLLs was consistent across the five simulated fish
species and mirrored the findings for the two pro-
totypical life histories just described (Table 4).
Increases in harvest, trophy catch and proportion
of total annual fecundity resulting from older fish
(J) were always realized by the application of the
objective-meeting HS over the corresponding MLL
for all five species (Table 4). By contrast, across all
species MLLs resulted in greater biomass yield at














































Decreasing MLLIncreasing upper HS
(a) (c)
(b) (d)
Figure 2 The proportion of the maximum possible harvest, trophy catch and biomass yield produced with a range
harvest-slot limits (left panels, a and b) and with a range of minimum-length limits (right panels, c and d) applied to a
short-lived, high-productive fish population (SLHP) (Table 1). Panels a and c represent a fishery with medium
exploitation (F = 0.8M, M = instantaneous annual natural mortality rate) and panels b and d represent a fishery with
high exploitation (F = 2M). Left panels, a and b, describe a change in the upper limit of a harvest slot (HS) with a
lower limit of 200 mm total length. Right panels, c and d, describe a change in the minimum-length limit (MLL).
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Additionally, SPR at the management objective
was generally similar between the objective-meet-
ing HS and MLL. Few exceptions occurred for high
exploitation fisheries managed for harvest using
HS, which reduced the SPR relative to MLL
(Table 4). However, in all cases, the SPR was still
above 0.35 (results not shown).
Discard mortality had little influence on the rel-
ative performance of HSs versus MLLs; however, it
influenced the conservation objectives and the
harvesting efficiency of the fishery. Moderate levels
of discard mortality (10%) had minimal effects on
the results, but high levels of discard mortality
(30%) rendered both MLLs and HSs ineffective for
maintaining SPR under conditions of high fishing
mortality (Table 5). For example, both the LLLP
and SLHP had SPR values ≤ 0.35 when discard
mortality was 30% and exploitation was 2M
(Table 5), with the exception of the SLHP man-
aged for trophy catch. We found HSs to maintain
harvesting efficiency (E) in the face of discard mor-
tality, particularly when exploitation rates were
high. Under high exploitation rates, the efficiency
of the fishery could be doubled when applying the
Table 4 The percent change in the performance metrics when changing the regulation from the objective-meeting
minimum-length limit to the objective-meeting harvest slot for a range of species (Table 2), three management
objectives (compromise, trophy and harvest, Table 3) and two fishing mortality levels F.
Life history Management objective F Harvest Trophy Yield SPR J
Murray cod Compromise 0.8M 45 46 38 6 40
2M 76 76 41 5 68
Trophy 0.8M 22 25 66 10 21
2M 39 30 64 13 32
Harvest 0.8M 13 12 10 0 23
2M 80 80 16 21 109
Lake trout Compromise 0.8M 51 52 60 3 94
2M 89 87 69 1 181
Trophy 0.8M 27 30 83 9 48
2M 38 40 85 13 78
Harvest 0.8M 17 17 21 2 61
2M 90 90 46 26 402
Eurasian perch Compromise 0.8M 46 43 26 3 47
2M 69 76 28 3 86
Trophy 0.8M 21 23 57 9 26
2M 38 30 54 10 40
Harvest 0.8M 11 12 6 0 27
2M 73 79 3 21 135
Arctic grayling Compromise 0.8M 56 53 43 0 31
2M 88 86 46 0 44
Trophy 0.8M 25 32 71 7 16
2M 44 37 69 8 20
Harvest 0.8M 22 21 13 5 21
2M 90 95 24 25 69
Zander Compromise 0.8M 82 84 69 2 66
2M 133 134 73 2 81
Trophy 0.8M 46 46 86 6 30
2M 49 48 88 7 40
Harvest 0.8M 52 51 36 13 75
2M 138 140 56 28 167
Northern pike Compromise 0.8M 40 38 50 5 54
2M 57 57 57 8 98
Trophy 0.8M 15 19 75 8 28
2M 21 21 76 10 39
Harvest 0.8M 12 13 16 1 38
2M 64 67 33 15 181
M, instantaneous annual natural mortality rate, SPR, spawning potential ratio, J, proportion of fecundity produced by the older half of
age classes in the population.
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objective-meeting HS over the corresponding MLL
for both life-history strategies (Table 5). However,
under conditions of high discard mortality, apply-
ing either a HS or MLL to meet recreational fisher-
ies management objectives may not be an effective
strategy for long-term conservation of the stock.
Results on the performance of HSs over MLLs
were robust to parameter uncertainty indicating
management with imperfect knowledge of key pro-
ductivity parameters M, CR, F and Lmat would not
alter the relative performance of HSs over MLLs
(Appendix A, Tables S1–S4). In only one case did
the relative performance of HSs and MLLs reverse.
This reversal occurred for the trophy-oriented
objective applied to the SLHP undergoing medium
exploitation. In this case, the harvest numbers
produced by the optimal MLL were greater than
the HS; however, there were few differences
among the policies (Appendix A, Tables S1–S4).
The percent change of metrics in response to
changing each of the parameters by 20% ranged
from 92 to 55%, but in over 90% of the cases,
metrics varied only between 20% and 20% indi-
cating inelastic responses, low sensitivity and a
comparatively robust model. These results inferred
that HSs would outperform MLLs even with sub-
stantial uncertainty in population and fishery
parameters.
Discussion
We showed that HSs produced a more favourable
compromise among fishery and conservation
objectives than MLLs for a range of management
objectives that included harvest, compromise and
trophy catches. This effect stemmed from HS regu-
lations protecting large fecund as well as imma-
ture fish in the population from harvest, thereby
Table 5 The performance of harvest slots (HS) and minimum-length limits (MLL) regulations for two prototypical fish
life histories under two levels of discard (hooking) mortality D with respect to three management objectives at two
fishing mortality levels F. Long-lived, low productive (LLLP), short-lived, high productive prototype (SLHP) (Table 1).
Life-history prototype Management objective F
D = 10% D = 30%
Regulation (mm) SPR E Regulation (mm) SPR E
LLLP Compromise 0.8M 400–588 HS 0.60 0.83 400–604 HS 0.48 0.65
0.8M 698 MLL 0.62 0.64 646 MLL 0.48 0.43
Compromise 2M 400–490 HS 0.46 0.69 400–496 HS 0.26 0.46
2M 782 MLL 0.53 0.35 726 MLL 0.30 0.16
Trophy 0.8M 400–468 HS 0.76 0.60 400–470 HS 0.59 0.35
0.8M 800 MLL 0.73 0.45 766 MLL 0.56 0.23
Trophy 2M 400–436 HS 0.60 0.44 400–436 HS 0.33 0.22
2M 832 MLL 0.59 0.25 788 MLL 0.32 0.09
Harvest 0.8M 400–794 HS 0.40 0.92 400–846 HS 0.35 0.80
0.8M 540 MLL 0.46 0.83 464 MLL 0.37 0.72
Harvest 2M 400–600 HS 0.27 0.84 400–628 HS 0.17 0.66
2M 716 MLL 0.44 0.48 646 MLL 0.24 0.27
SLHP Compromise 0.8M 200–271 HS 0.67 0.77 200–281 HS 0.54 0.54
0.8M 372 MLL 0.67 0.64 345 MLL 0.53 0.40
Compromise 2M 200–252 HS 0.56 0.62 200–249 HS 0.34 0.29
2M 404 MLL 0.56 0.41 391 MLL 0.34 0.15
Trophy 0.8M 200–248 HS 0.80 0.52 200–248 HS 0.63 0.27
0.8M 422 MLL 0.77 0.44 407 MLL 0.60 0.21
Trophy 2M 200–241 HS 0.66 0.35 200–239 HS 0.37 0.12
2M 434 MLL 0.62 0.27 420 MLL 0.36 0.08
Harvest 0.8M 200–391 HS 0.48 0.90 200–412 HS 0.41 0.75
0.8M 272 MLL 0.53 0.82 254 MLL 0.43 0.67
Harvest 2M 200–273 HS 0.39 0.80 200–267 HS 0.26 0.52
2M 371 MLL 0.49 0.54 346 MLL 0.30 0.25
M, instantaneous annual natural mortality rate, SPR, spawning potential ratio, E, harvesting efficiency, which is the fraction of dead
fish that are harvested rather than dying due to catch-and-release related hooking mortality.
Bold values indicate the regulation producing the best performance for each metric.
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providing not only greater trophy catch and less
size truncation, but also increasing the total num-
ber of fish harvested and improved harvesting effi-
ciency in the context of discard mortality. These
benefits of HS regulations came at a cost of bio-
mass yields and smaller size of fish harvested (as
indicated by the size of the legal length range of
each regulation); however, the trade-off of biomass
yield for numerical harvest when HSs are applied
over MLLs is probably an attractive compromise
for many recreational fisheries because it would
allow more anglers to harvest fish than expected
with a yield-maximizing MLL, while at the same
time maintaining trophy fish catch and meeting
conservation goals (Jensen 1981).
Harvest-based management objectives are often
perceived to be in conflict with conservation-based
objectives (Aplet et al. 1992; Hilborn 2007; Koehn
2010; Koehn and Todd 2012). While the shared
goal of long-term sustainability can serve both
conservation and human needs (but see Niesten
and Rice 2004), sacrifices to exploitation goals
over shorter time frames can be necessary to meet
long-term conservation objectives (Secor 2000;
Foley et al. 2005; Cheung and Sumaila 2008).
Our model identified regulations where fisheries-
based and conservation-based objectives are not
necessarily in conflict when using appropriately
narrow HSs targeting intermediate-sized mature
fish. In fact, the implementation of HSs may pro-
vide necessary protection to stock age-structure
and spawning stock size with little sacrifice to
angler benefits, because angler satisfaction is posi-
tively related to harvest opportunities and size of
fish captured for many angler types (Arlinghaus
2006). Thus, according to our model and others
developed previously for specific fish species (e.g.
Jensen 1981; Arlinghaus et al. 2010; Garcıa-
Asorey et al. 2011; Koehn and Todd 2012), HS
regulations are likely more effective at collectively
meeting multiple fishery and conservation objec-
tives than MLLs and could simultaneously improve
angler satisfaction and achieve biological sustain-
ability. Hence, HSs appear to constitute a very
promising tool for many recreational fisheries
because they outperform MLLs for all life histories
analysed at both fishing effort levels and for all
three management objectives. This statement obvi-
ously only applies when harvest numbers and
number of trophy fish captured is more important
to anglers than total yield or harvest of trophy
fish.
We found that high discard mortality rates
paired with high exploitation rates rendered both
MLL and HS regulations ineffective in meeting
conservation goals. These findings corroborate
Coggins et al. (2007) who found that discard mor-
tality could prevent sustainability of some fish
stocks managed by length-based regulations. For
these cases, other approaches are necessary to
meet conservation goals such as temporal and/or
spatial closures (Gwinn and Allen 2010) or even
effort controls (Cox and Walters 2002). Alterna-
tively, when discard mortality rates are low to
moderate (e.g. <30%), the use of HSs to reduce
exploitation, increase harvesting efficiency and
conserve a more natural age-structure of stocks
provides an option superior to MLLs that can
potentially meet both long-term fishery and con-
servation objectives with less sacrifice to short-
term fishery use. This is particularly important
because fishery closures or effort controls can
cause economic hardship to local communities
built around recreational fisheries and will create
other social costs such as stakeholder conflict (Cox
and Walters 2002; Martinet et al. 2010).
For simplicity of presentation, we chose three
management objectives that differentially weighted
the social and economic value of harvest relative
to trophy catch. These weightings are unlikely to
represent universal objectives in recreational fish-
eries because angler communities vary in values
and because weights attached to normative crite-
ria will vary with managers and local culture
(Fenichel et al. 2013). However, our model was
general and we simulated the full range of size-
based regulations for both MLLs and HSs. This
allows the reader to choose any location on the x-
axes of Figs 1 and 2 to trade-off among harvest,
yield and trophy catch and thereby determine reg-
ulations that meet any objective along these three
metrics. For example, the compromise manage-
ment objective of the LLLP and high exploitation
fishery was met with a narrow HS of 400–
492 mm; however, the management objective of a
fishery that values harvest exclusively would be
met by setting the HS to 400–680 mm (Fig. 1b).
Thus, our results can provide both general guid-
ance for the application of length-based regula-
tions and specific guidance when the weighting of
specific (catch or harvest-dependent) normative
criteria is known for a specific fishery.
Although protecting large and old fish with HSs
is not a common fisheries regulation in practice,
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some previous studies have implicated the advan-
tages of HSs over alternative regulations for man-
aging fisheries. Froese (2004), for example,
presented four indices of overfishing and recom-
mended the use of narrow harvest windows on
recently mature fish (similar to the compromise
HS regulations in this study) to prevent overfish-
ing of commercial stocks. Berkeley et al. (2004a)
suggested that implementation of HSs when dis-
card mortality was low could preserve natural age
composition and promote sustainability of ground-
fish stocks. Jensen (1981) reported that HSs
increase trophy trout in the catch without
strongly reducing yield, and Francis et al. (2007)
suggested that protecting old fish is required for
ecosystem-based fisheries management mentioning
HSs as one of three management options for
achieving objectives. Additionally, HSs have been
highlighted for managing recreational fisheries tar-
geting populations that experience a range of size-
dependent maternal effects on egg and larval qual-
ity (Arlinghaus et al. 2010; Venturelli et al.
2010). However, benefits of HSs over MLLs in
terms of harvest numbers and catch of trophies
are not contingent on maternal effects (Arlinghaus
et al. 2010). In fact, size-dependent maternal
effects on offspring quality would enhance the
benefits of HSs as reported in this article. Harvest-
slot regulations are currently in place for some
popular freshwater (e.g. white sturgeon, Acipenser
transmontanus, Acipenseridae) and saltwater recre-
ational fisheries in the USA. (e.g. red drum Sciaen-
ops ocellatus, Sciaenidae and common snook
Centropomus undecimalis, Centropomidae in Flor-
ida), but are overall far less common than MLL
regulations. This work represents the first synthe-
sis of the potential benefits of HSs to meet multiple
fisheries and conservation objectives for recrea-
tional fisheries exploiting stocks across a range of
life histories and therefore has general implication
for a wide range of recreational fisheries that value
both harvest numbers and trophy catch.
Like most modelling efforts, our results are con-
tingent on model structure and other assumptions.
For example, we assumed that compliance to regu-
lations by anglers was 100%, which may not be
realistic in some cases (Pierce and Tomcko 1998;
Sullivan 2002). Non-compliance at levels reported
elsewhere (e.g. 29% in northern pike fishing in
Minnesota, Pierce and Tomcko 1998) would likely
reduce the ability of both HSs and MLLs to meet
fishery objectives and conserve stocks. Additionally,
reproductive senescence has been reported in some
species (Reznick et al. 2004). Our predictions
might overestimate the effects of HS limits for
these species that demonstrate a loss of fecundity
or egg/larval quality at very old ages. Such effects
are however unlikely to be very prevalent in most
exploited stocks because few fish reach maximum
age under fished conditions, and reproductive
senescence may not be universally present across
species (e.g. Kishi et al. 2003). As a further limita-
tion, we did not model density-dependent growth
or survival in the post-recruited ages. How this
impacts our results will depend on the range of
size/age of fish that the density dependence occurs
and the strength of density dependence. Lorenzen
(2005) argued that density-dependent survival in
the recruited stage is unlikely to be a relevant pro-
cess in many fish stocks, but density-dependent
growth is probably common and affect all life
stages to some degree (Lorenzen and Enberg
2002). It is a safe assumption that the presence of
density-dependent growth should render the stock
more resilient to fishing and will thus likely widen
HSs and reduce yield-maximizing MLLs (Beverton
and Holt 1957). Without detailed knowledge on
the density dependence in specific life stages, it is
impossible to predict the relative performance of
HSs and MLLs; however, HSs provide the flexibility
to create ecologically sensitive regulations that tar-
get populations at the life-stage of greatest density
dependence or over production. The only available
study that has considered density-dependent
growth comparing HSs and MLLs has been con-
ducted in northern pike (Arlinghaus et al. 2010),
whose results agree with the findings reported
here. Future research should evaluate the perfor-
mance of regulations in the presence of density-
dependent growth and size-dependent survival
across a range of life histories (Lorenzen 2005).
Explicitly representing food-dependent growth and
size-dependent predation in size-structured models
may alter predictions on regulatory performance
relative to more standard age-structured models
(Van Kooten et al. 2007; Persson and de Roos
2013) like the model employed here.
In general, we believe that our predicted advan-
tages of HSs over MLLs may be conservative for
some fish species because we did not model fac-
tors, such as size-dependent maternal effects on
the recruitment process, non-linear population
dynamics rates or fishery-induced evolution, all of
which can be affected by size-selective exploita-
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tion. For example, Venturelli et al. (2010) pro-
vided evidence for age-dependent maternal effects
on recruitment in walleye (Sander vitreum, Perci-
dae) showing that the maximum reproductive rate
in Lake Erie increased by 2.75-fold as the mean
age of the stock shifted from 3.03 to 4.44 years.
Furthermore, they demonstrated with a simulation
study that the maximum reproductive rate of
walleye could be increased by 1.2-fold by manag-
ing exploitation with a HS on age 2–4 fish vs.
harvest strategies that targeted older ages (e.g.
MLL, see also Arlinghaus et al. 2010). Our simula-
tions did not account for size-dependent maternal
effects on offspring performance as demonstrated
previously for a range of species (e.g. Berkeley
et al. 2004b; Venturelli et al. 2009; Arlinghaus
et al. 2010) and therefore likely produced predic-
tions of harvest and catch lower than would be
expected for HSs applied to stocks that demon-
strate size-dependent maternal effects (Arlinghaus
et al. 2010).
Because we investigated long-term equilibrium
states, we also did not account for the influence of
environmental or demographic stochasticity ampli-
fying non-linear population dynamical processes
on the performance of the length-based regula-
tions evaluated. Anderson et al. (2008) investi-
gated mechanisms for destabilization of fish stocks
due to exploitation. The authors concluded that
the mechanism with the most support was that
age truncation due to size-selective exploitation
causes increased fluctuations in fish abundance
(see also Hidalgo et al. 2011; Rouyer et al. 2011).
Hsieh et al. (2010) showed that this effect held
across species (but see Lobon-Cervia 2011 for an
alternative view for exploited brown trout, Salmo
trutta, Salmonidae). Therefore, the current body of
evidence suggests that fishery-induced age trunca-
tion can lead to higher probability of fishery
crashes and local extinctions (Lande et al. 2003),
and our results suggest that HSs may represent a
regulatory option that protects age composition
which may reduce the likelihood of such cata-
strophic outcomes.
Finally, we omitted the potential for joint evolu-
tion of life-history traits such as age- and size-at-
maturation, reproductive investments and juvenile
growth rate, which all affect body size at adult age
and may evolve in response to size-selective recre-
ational fisheries (Matsumura et al. 2011). Law
(2007) suggested the conservation of large fish to
reduce the effects of fisheries-induced evolution.
Supporting this view, Matsumura et al. (2011)
found that MLLs exerted the most negative impact
on body size evolution due to negative selection
on growth rate and size at maturation. Although
intermediate HSs would not eliminate the selection
pressures on all life-history traits, such regulations
would lead to selection on large juvenile growth,
which may increase (rather than decrease) adult
fish size and yield in the long term. Therefore, the
conclusion that HSs are superior to MLLs would
also hold if fisheries-induced evolution would be
present.
Our results suggested a greater potential for
improvement in fishery performance with HSs
than MLLs across a range of management objec-
tives, life histories and fishing mortality rates.
Therefore, we suggest that a new perspective on
managing recreational fisheries using length-based
management tools is needed in situations where
both harvest numbers and trophy catch matter to
stakeholders. Under these conditions, rather than
relying on retention of large fish to maximize bio-
mass yields, we contend that HS regulations will
provide the most favourable compromise among
multiple fisheries and conservation objectives.
Because our results were robust to life history,
management objective and the fishing mortality
rates, HS regulations should be considered prefera-
ble over MLLs for many recreational fisheries that
value harvest and size of fish in the catch. Depend-
ing on the local customs and culture, a manager
can choose to meet either harvest numbers or tro-
phy catch objectives by varying the width of the
HS. We recommend empirical studies that test
some of the predictions of the present model
because the results promise far-reaching implica-
tions for recreational-fisheries management that is
currently mainly based on MLLs.
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Table S1. Sensitivity test of the performance of harvest slot (HS) and minimum-length limit 
(MLL) regulations determined with incorrect estimates of the instantaneous natural mortality 
(M) for two different life-history prototypes (Table 1).  The LLLP represents a long-lived 
low-productive fish population, while the SLHP represents a short-lived high-productive fish 
population.To determine the best regulation M was increased to 20% greater than its default 
value (Table 1) and the regulation best meeting each of three management objectives at two 
fishing mortality levels F was determined. These regulations were then applied to the default 
parameter set (Table 1) to understand the impacts of incorrect information on regulation 
outcome.  The bold values represent the optimal outcome for each metric when comparing 















LLLP Compromise 0.8M 400-554  HS 129 29.8 0.14 0.72 0.46 
0.8M 714  MLL 77 13.9 0.36 0.71 0.28 
 Compromise 2M 400-467  HS 156 64.9 0.14 0.68 0.46 
2M 800  MLL 68 20.3 0.37 0.72 0.27 
 Trophy 0.8M 400-456  HS 54 38.0 0.04 0.89 0.47 
0.8M 800  MLL 45 20.9 0.26 0.83 0.36 
 Trophy 2M 400-430  HS 67 83.7 0.05 0.87 0.47 
2M 838  MLL 50 36.6 0.30 0.80 0.33 
 Harvest 0.8M 400-732  HS 201 16.3 0.32 0.47 0.38 
0.8M 596  MLL 127 9.3 0.44 0.55 0.23 
 Harvest 2M 400-562  HS 254 37.0 0.27 0.42 0.44 
2M 750  MLL 94 11.0 0.44 0.62 0.18 
SLHP Compromise 0.8M 200-264  HS 150 61.7 0.03 0.78 0.36 
0.8M 376  MLL 108 34.8 0.08 0.75 0.20 
 Compromise 2M 200-252  HS 179 121.7 0.03 0.76 0.36 
2M 404  MLL 113 52.0 0.09 0.73 0.15 
 Trophy 0.8M 200-246  HS 62 78.9 0.01 0.93 0.37 
0.8M 418  MLL 66 542 0.06 0.85 0.27 
 Trophy 2M 200-242  HS 82 153.9 0.01 0.91 0.37 
2M 432  MLL 77 96.3 0.07 0.82 0.24 
 Harvest 0.8M 200-362  HS 230 33.3 0.06 0.56 0.31 
0.8M 316  MLL 168 21.0 0.09 0.61 0.16 
 Harvest 2M 200-268  HS 266 65.8 0.05 0.53 0.34 
2M 380  MLL 143 27.3 0.10 0.64 0.09 
SPR = spawning potential ratio, J = proportion of fecundity produced by the older half of age 
classes in the population.  
192
Table S2. Sensitivity test of the performance of harvest slot (HS) and minimum-length limit 
(MLL) regulations determined with incorrect estimates of the recruitment compensation ratio 
(CR) for two different life-history prototypes (Table 1).  The LLLP represents a long-lived 
low-productive fish population, while the SLHP represents a short-lived high-productive fish 
population.To determine the best regulation CR was increased to 20% greater than the default 
value (Table 1) and the regulation best meeting each of three management objectives at two 
fishing mortality levels F was determined. These regulations were then applied to the default 
parameter set (Table 1) to understand the impacts of incorrect information on regulation 
outcome.  The bold values represent the optimal outcome for each metric when comparing 















LLLP Compromise 0.8M 400-582  HS 145 27.5 0.17 0.67 0.45 
0.8M 720  MLL 74 14.2 0.35 0.71 0.28 
 Compromise 2M 400-492  HS 180 59.2 0.16 0.62 0.46 
2M 806  MLL 65 22.1 0.36 0.74 0.28 
 Trophy 0.8M 400-468  HS 65 36.8 0.06 0.87 0.47 
0.8M 816  MLL 39 22.9 0.23 0.85 0.37 
 Trophy 2M 400-438  HS 82 81.2 0.06 0.84 0.47 
2M 850  MLL 45 44.6 0.28 0.82 0.35 
 Harvest 0.8M 400-776  HS 209 13.2 0.36 0.43 0.34 
0.8M 574  MLL 137 8.7 0.45 0.53 0.23 
 Harvest 2M 400-592  HS 270 30.0 0.31 0.35 0.42 
2M 746  MLL 96 10.5 0.45 0.62 0.18 
SLHP Compromise 0.8M 200-274  HS 168 56.1 0.03 0.74 0.36 
0.8M 378  MLL 107 35.3 0.08 0.75 0.20 
 Compromise 2M 200-254  HS 198 114.2 0.03 0.73 0.36 
2M 410  MLL 105 61.4 0.09 0.75 0.17 
 Trophy 0.8M 200-248  HS 73 77.1 0.01 0.91 0.37 
0.8M 426  MLL 58 58.7 0.06 0.87 0.28 
 Trophy 2M 200-242  HS 82 153.9 0.01 0.91 0.37 
2M 442  MLL 64 110.7 0.06 0.86 0.27 
 Harvest 0.8M 200-390  HS 237 26.1 0.07 0.52 0.27 
0.8M 302  MLL 179 19.8 0.10 0.58 0.16 
 Harvest 2M 200-282  HS 269 51.3 0.05 0.47 0.33 
2M 380  MLL 143 27.3 0.10 0.64 0.09 
M = instantaneous annual natural mortality rate, SPR = spawning potential ratio, J = 
proportion of fecundity produced by the older half of age classes in the population.  
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Table S3. Sensitivity test of the performance of harvest slot (HS) and minimum-length limit 
(MLL) regulations determined with incorrect estimates of the instantaneous fisheries 
exploitation rate (F) for two different life-history prototypes (Table 1).  The LLLP represents 
a long-lived low-productive fish population, while the SLHP represents a short-lived high-
productive fish population.To determine the best regulation F was decreased to 20% below 
the default value (Table 1) and the regulation best meeting each of three management 
objectives at two fishing mortality levels F was determined. These regulations were then 
applied to the default parameter set (Table 1) to understand the impacts of incorrect 
information on regulation outcome. The bold values represent the optimal outcome for each 















LLLP Compromise 0.8M 400-606  HS 158 25.6 0.20 0.63 0.45 
0.8M 692  MLL 86 12.8 0.38 0.68 0.27 
 Compromise 2M 400-506  HS 200 54.1 0.19 0.57 0.46 
2M 790  MLL 73 17.9 0.38 0.71 0.25 
 Trophy 0.8M 400-476  HS 72 36.2 0.06 0.85 0.47 
0.8M 806  MLL 43 21.6 0.25 0.83 0.36 
 Trophy 2M 400-444  HS 97 78.4 0.08 0.81 0.47 
2M 844  MLL 47 41.1 0.29 0.81 0.35 
 Harvest 0.8M 400-822  HS 215 10.2 0.39 0.40 0.29 
0.8M 516  MLL 164 7.5 0.46 0.47 0.22 
 Harvest 2M 400-628  HS 282 22.4 0.34 0.29 0.39 
2M 718  MLL 112 7.9 0.48 0.56 0.14 
SLHP Compromise 0.8M 200-308  HS 183 53.0 0.04 0.71 0.36 
0.8M 368  MLL 115 32.6 0.08 0.73 0.19 
 Compromise 2M 200-256  HS 214 106.9 0.04 0.69 0.36 
2M 408  MLL 108 56.7 0.09 0.74 0.16 
 Trophy 0.8M 200-250  HS 84 75.2 0.01 0.90 0.37 
0.8M 422  MLL 62 56.7 0.06 0.86 0.27 
 Trophy 2M 200-244  HS 100 149.9 0.02 0.88 0.37 
2M 442  MLL 64 110.7 0.06 0.86 0.27 
 Harvest 0.8M 200-410  HS 238 20.2 0.07 0.48 0.24 
0.8M 262  MLL 196 16.7 0.09 0.54 0.15 
 Harvest 2M 200-318  HS 267 40.4 0.05 0.42 0.31 
2M 370  MLL 155 22.3 0.11 0.60 0.08 
M = instantaneous annual natural mortality rate, SPR = spawning potential ratio, J = 
proportion of fecundity produced by the older half of age classes in the population.  
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Table S4. Sensitivity test of the performance of harvest slot (HS) and minimum-length limit 
(MLL) regulations determined with incorrect estimates of the length at maturations (Lmat) for 
two different life-history prototypes (Table 1).  The LLLP represents a long-lived low-
productive fish population, while the SLHP represents a short-lived high-productive fish 
population.To determine the best regulation Lmat was decreased to 20% below the default 
value (Table 1) and the regulation best meeting each of three management objectives at two 
fishing mortality levels F was determined. These regulations were then applied to the default 
parameter set (Table 1) to understand the impacts of incorrect information on regulation 
outcome. The bold values represent the optimal outcome for each metric when comparing the 















LLLP Compromise 0.8M 360-516  HS 175 27.7 0.13 0.66 0.46 
0.8M 698  MLL 83 13.1 0.37 0.68 0.27 
 Compromise 2M 360-412  HS 215 60.0 0.11 0.63 0.47 
2M 796  MLL 70 19.4 0.37 0.72 0.26 
 Trophy 0.8M 360-390  HS 77 37.1 0.04 0.87 0.47 
0.8M 800  MLL 45 20.9 0.26 0.83 0.36 
 Trophy 2M 360-348  HS 98 81.0 0.04 0.84 0.47 
2M 842  MLL 48 39.2 0.29 0.81 0.34 
 Harvest 0.8M 360-736  HS 253 13.4 0.31 0.40 0.38 
0.8M 542  MLL 152 8.0 0.45 0.49 0.23 
 Harvest 2M 360-526  HS 327 30.6 0.23 0.34 0.45 
2M 736  MLL 102 9.5 0.46 0.60 0.16 
SLHP Compromise 0.8M 160-266  HS 167 57.6 0.03 0.75 0.36 
0.8M 380  MLL 104 36.1 0.08 0.76 0.21 
 Compromise 2M 160-252  HS 202 111.8 0.03 0.72 0.36 
2M 410  MLL 105 61.4 0.09 0.75 0.17 
 Trophy 0.8M 160-246  HS 76 76.4 0.01 0.91 0.37 
0.8M 426  MLL 58 58.7 0.06 0.87 0.28 
 Trophy 2M 160-238  HS 80 150.4 0.01 0.90 0.37 
2M 444  MLL 62 113.3 0.06 0.86 0.27 
 Harvest 0.8M 160-380  HS 240 27.5 0.06 0.52 0.29 
0.8M 308  MLL 176 20.1 0.09 0.59 0.16 
 Harvest 2M 160-268  HS 275 56.4 0.05 0.49 0.34 
2M 382  MLL 141 28.1 0.10 0.65 0.10 
M = instantaneous annual natural mortality rate, SPR = spawning potential ratio, J = 
proportion of fecundity produced by the older half of age classes in the population.  
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